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PREFACE TO THE THIRD EDITION 


In presenting the third edition of this book to the public, the 
authors wish to repeat that it is an introduction to the study of 
distillation and not a complete treatise on the subject. Recent 
advances in the design of distilling apparatus have made it 
advisable to introduce some of these advances into this book, at 
the same tinu^ omitting ceirtain other methods of treatment which 
are less satisfactory. The present treatnu^nt is believed to 
represent the best general practice in distillation design at j)rcseiit 
writing. The new material includes the work of many recent 
workers in this field. 

In the treatment of binary mixtures, the methods of Sorel, 
McCabe and Thiele, Ponchon, Savarit, Lewis, Smoker, and 
Fenske are considered and illustrated by sc'vcral numerical 
examples. 

Multicomponent rectification is represented by the work of 
Lewis and Matheson, Lewis and Cope, Brown and associates, 
and Underwood. In several cases the methods of the above 
workers have been simplifi(^d in order to make them easier to 
use. Methods for predicting the minimum reflux ratio and 
optimum feed-plate location for these mixtures are developed and 
presented. Several numerical examples are given in detail in 
order to aid the reader in calculations of this type. 

The performance of plate and packed towers has been con- 
sidered on the basis of plate efficiencies, pressure drop, allowable 
liquid and vapor rates, and so forth, making use of the data of 
numerous investigators. 

Rather extensive tables of data on various volatile liquids 
which appeared at the end of the first and second editions have 
been largely omitted from this edition because it is felt that other 
and better sources of data are now available, including such books 
as Perry^s Chemical Engineers' Handbook." 

Cambhidge, Mass., C. S. Robinson, 

December, 1938 E. R. GiLLILAND. 
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PllEFAC R TO THE FIRST EDITION 


"I'ho subjc'cl of fra(*tioiKil (list iihil ion has ])ut scant 

all(‘iition from writers in tiu' English langnng(‘ since Sidnc'y 
Young publishfMl his l)ook ^T'ractional Distillation” in Jb()3 
(London). Frcmcli and German authors hav(% on th(‘ other hand, 
])roduc€Hl a numlx'r of books on tlu^ subject, among th(‘ mor(‘ 
imj:)orta.nt of which an^ tlie following: 

“La Ue(dification et l(‘s C()lonn(‘s rect ificatric(‘s (‘ii distiil(‘ri(‘,” 
E. Barb(‘i,, Paris, 1890; 2d ed., 1895. 

“ Der Wirkungsw('ise d('r Jl(‘ctifi(‘ir und Df'stillir A})j)arat(‘,” 
Vj. Hausbrand, Berlin, 1898; 8d ('d., 1916. 

“Idieorie der Vc'rdampfung mid V(‘rflussung Non gemiscluMi 
und der fraktioni(‘rten Destination,” J. P. Kikmuo, J^eipzig, 
1906. 

“Theon(‘ d('r G(‘winnung und d'nainung dca* fit h('risch('n Oh^ 
durch Destination,” C. von RechenbiTg, ij(a])zig, 1910. 

“La Distillation fractionee et la notification,” Charles 
Marilk'r, Paris, 1917. 

Young’s “Fractional Distillation,” although a. model for its 
kind, has to do almost entir(‘ly with th(‘ aspects of the subject, 
as viewed from the clKunical laboratory, and there has been 
literally no work in English availalile for the engineer and 
jilant opcu’ator dealing with the applications of the laboratory 
j)rocess(*s to th(^ plant. 

Th(‘ use of tlu^ modern types of distilling eciuiiiment is growing 
at a very rapid rat(‘. Manufacturers of ch(‘mi(*als are learning 
that they must n'fine th(‘ir i)roducts in order t,o market them 
successfully, and it is oftem true that fracdional distillation offers 
the most availal)le if not the only way of accomplishing this. 
Tliere has (ionseqUeiitly arisen a wide demand among engineers 
and opcu'at.ors for a, book which will (‘xplain the principles involv(‘d 
in such a way that thes(‘ principl(‘s can }k‘ applic'd to the particular 
})robl(‘m at hand. 

vii 



viii PREFACE TO THE FIRST EDITION 

It has tlierefore been the purpose of the writer of this book 
to attempt to explain simply yet accurately, according to the best 
ideas of physical chemistry and chemical engineering, the prin- 
ciples of fractional distillation, illustrating these principles with a 
few cuirc'fully s(dected illustrations. This book is to be regarded 
iK'ither as a complete treatise nor as an encyclopedia on t he sub- 
ject but, as the title indi(;ates, as an introdindlon to its study. 

In general, it. lias been divided into five parts. The first 
jiart d(‘als wit.l) fracdtonal distillation from th(^ qualitative stand- 
point of the jihase rule. The second part discusses some of 
the quantitative aspects from the standpoint of the (diemical 
engineer. Part three discusses the factors involved in the 
design of distilling equipment. Part four gives a few examples 
of modern apparatus, while the last portion includes a number of 
useful reference' tables which* have been comjnled from sources 
mostly out of print and unavailable except in large libraries. 

The writ('r has drawn at will on the several books mentioruHl 
above, somc^ of the tables being taken nearly bodily from thenn, 
and has also derived much help from Findlay\s Phase Rule” 
(London, 1920) and from ^^The General Principles of Chemistry” 
by Noyes and Sherrill (Boston, 1917). He wishes especially to 
express his gratitude for the inspiration and helpful suggestions 
from Dr. W. K. Lewis of the Masvsachusetts Institute of Tech- 
nology and from his other friends and associates at the Institute 
and of the E. B. Badger & Sons Company. Finally, he wishes 
to express his ap))reciation of the assistance of Miss Mildred 
B. McDonald, without which this book would never have been 
written. 

Clark Shove Robinson. 

Cambridge, 

June 30 , 1920 . 
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THE ELEMENTS 

OF 

FRACTIONAL DISTILLATION 


INTRODUCTION 

Definition of Fractional Distillation. — By the exiiression frac- 
tional distillation was originally meant the process of separating 
so far as it may he feasible a mixture of two or more volatile 
substances into its components, by causing the mixture to 
vaiKirize by suitable ajiplication of heat, condensing the vapors 
in such a way that frai'tions of varying boiling points are obtained, 
revaporizing th(‘se fractions and separating their vapors into 
similar fractions, combining fractions of similar boiling points, 
and repiiating until the desired degna' of separation is finally 
obtained. 

' Purpose of Book. -Such a. jirocess is still occasionally met with 
in the chemical laboratory, but it is a laborious and time-consum- 
ing operation which has its chief value as a problem for the 
student, for the puriiose of familiarizing him with some of the 
characteristic proptu'ties of volatile' substances. It is possible 
to carry on a fractional distillation by means of certain mechanical 
devices which eliminate almost all of this labor and time, and 
which permit separations not only equal to those obtained by 
this more tedious process but far surpassing it in quality and 
])urity of product. The purpose of this book is to indicate how 
such devices may be profitably used in the solution of distillation 
problems. 

Origin of Fractional Distillation. — ^Like all of the older indus- 
tries, fractional distillation is an art that originated in past ages 
and that developed, as did all the arts, by the gradual accumula- 
tion of empirical knowh'dge. It is probable that its growth took 
place along with that of the distilled alcoholic beverages, and 
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FRA CTJONAL DfSTILLA TION 


to the average person today the word “stiir^ is synonymous 
with apparatus for making rum, brandy, and other distilled 
liquors. To France, which has been the great producer of 
brandy, bc^longs the credit for the initial development of th(^ 
modern fractionating still. 

Physical Chemistry and Fractional Distillation. — Fractional 
distillation has labored under the same sort of burdcm that- ih(^ 
other industrial arts have* bornc^ Km])irical knowledge will 
carry an industry to a (‘crtain point, and them further advances 
are few and far betwenm. It has beem th(^ function of tlie sci~ 
(‘iicc^s to comci to the rc^sciie of the arts at such times and thus 
permit advancemcmt to greaten* usefulness. The sciemee that 
has raised fractional distillation from an empirical to a theoretic'al 
basis is physical chemistry. By its aid the study of fractionation 
problems becomes relatively simple, and it is on this account that 
the subject matter in this book is based uj)on jtiysical chennistry 
as its foundation. 
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THE PHASE RULE 

Tliere is a law of pliysi(*al ('liemistry, known as the phase ruk*, 
])y wliieh it is possi))le to predict exactly the conditions under 
which all systems of ecpulibrium can exist. This law was first 
stated })y Gibbs^ and has sim^e b(‘en applied to a very large 
numix'r of eciuilibriums. The rule is so simj)le and its applica- 
tion gives such an insight into the (‘onditions under which a 
system may be i]i e(|uilibrium that it will be of th(‘ greatest profit 
to study fractional distillation in its light. 

Definition of Phases.— All systems are consid(a’(‘d to consist of 
one or more s(‘parate portions, (‘a(‘h ])ortion being separatcnl from 
th(' otlier by definite' pliysical })oundari(‘s. For instance', in the' 
system e*e)nsisling of ie*e, liepiid wate'r, anel wate'r vape)r, tluTC 
is a sharp jdiysieail boundary betwe'em the ie*e' and the water, 
a sharp bounelary betwe'e'n the‘ ie^e and the' wate'r vape)r, and a 
boundary ])e'twe'en the liepiivl and the' vai)e>r. It is said that 
such a system is one' e)f thn'O ])ortions, or phas(\s. The' ice may l)e‘ 
dividexl inte) a numbe'r of small piee*es, separate'd from eaedi othe'r 
by liquid, but tlie'ie still re'inains only one sediel ])hase. Again, 
if a piece of ire)n containing 0.85 per e'ent e*arbon is allowed to 
cool very sle)wly from a iiigh tempe'rature' anel its surfae*(' is 
pe)lished, e'tcheel, and examineel unde'i* the mie*roscope, the' 
surface of the nu'tal is found to cemsist of fine dark and light lines 
paralle'l to each other. The light lines consist of an ireni-carbem 
e*e)ni])ound called cementite, and the dark lines are 'pure iron. 
It is saiel, therefore?, that this metal, apparently home)geneous te) 
the eye, e*onsists of two solid i)hases. 

Types of Phases. — A phase, however, while it must be homo- 
geneous physically, may consist of a number of different kinds of 
substance?s. A solution of a mixture of salt and sugar in water 
eemsists of but one phase, although three separate substances are 
present. However, if an excess of salt and sugar were added to 

1 Trans. Conn. Acad,, 3, pp. 108-248 (1876); pp. 343 -524 (1878). 
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FRACTIONAL DI STILJ.ATION 


Mk' wnliM’, so tliat it. was iinabh^ t.o dissolve all of tla'ni, and some' 
of (1 k‘ salt and su^ar r<‘nia,in(*d nndissolved, the sysiom tlu’ii 
would have four plias(\s — solid salt, solid su^ar, the solution, 
and the water vapor above the solution. In the same way, the 
vapor pr(‘sent in a system is always considered as one phase, 
since it is impossible to distinguish l)etween the various com- 
f)onents by any ordinary physical means. 

Phase Rule Qualitative Only. — It is, of course, evident that the 
number of phases pn^sent in a system is independent of the rela- 
tive quantities of ‘the respective phases; and, therefore, in dis- 
cussing equilibrium conditions, the phase rule will give no insight 
into the quantitative relationshi]> between the phases. 

Definition of Components. — A system may consist of one or 
more pure components, and the maximum number of phases 
w'hich may be present at equilibrium depends upon the number 
of components. It is, therefore, imj)ortant to define what a 
component is. The components of a system are the smallest 
number of pure chemical compounds out of whicli it is possible to 
construct the entire system. For instance, the system ice, 
water, and wat(‘r vapor (consists of one component, the pure 
compound HaO- In the same way, th(‘ system solid salt, solid 
sugar, saturated solution, and vapor, consists of three (components, 
salt, sugar, and water. 

Definition of Variants.- -The conditiojis under which a system 
can exist at equilibrium with ncspect to its various x^hases are 
subject to a certain amount of variation. A system can be 
subjected to different temj)('ratur(\s ; the pressure on the system 
can be varied; the concentrations of the solutions and vapors 
can be changed; it is possible to vary tine specific gravity and the 
index of nffraction of a solution. Not all of these changes can be 
made independently of each other, In^wever, and it is customary 
to distinguish betwe(m such by referring to independent and 
dependent variations or variants; the number of independent 
variations that it is possible for a system to have are termed its 
degrees of freedom. 

By definition the variants of a system are any physical char- 
acteristics or conditions of the whole system or of a single phase 
that are independent of the amounts of the phases, and the 
degree of freedom is the number of variants that can be modified 
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without iiocessitating tiio (lisji])p(*anui‘'(^ of an old phas(^ or th(^ 
app<‘araiK*(‘ of a j)ow oih'. 

Degree of Freedom. —The varianhs will, in this hook, b(^ con - 
fined to the temperature, prestsure, and concentration of tlu' 
components, and the degrees of freedom tiiat a given system 
can have is that number of variants that must be fixed arbi- 
trarily in order that the system may be perfectly defined. 

The phase rule states that if the number of components of a 
system be called C, ttie degrees of freedom or variance F, and 
the number of phas(‘.s P, the following relation is true: 

p + F = C + 2 

System: Water. — In the system ice, liquid water, and water 
vapor, there are three phases and one component. Therefore, 
there can be no dc'grees of freedom. In other words, neither the 
temperature nor the pr(',ssiire can be changed so long as all three 
phases are pn^sent. If, however, one phase, such as the ice, is 
removed, one degr(^(' of freedom is jx.Tmitted, and it is possible 
to change either the temperature or the pressure, but not both 
independently. If the temperature of the system is fixed arbi- 
trarily, the pressure is therefore automatically fixed, and it is 
said that at any giveji temperature the water has a definite vapor 
pn^ssure. 

System: Water and Salt. — If, however, salt is added to the 
foregoing system, it becomes one of two components, and the 
sum of the number of ])hases and degrees of freedom is four. If 
the system has the three phases, solid salt, solution, and vapor, 
there can be one degree of freedom. Let the temperature be 
arbitrarily fixed, and the system becomes invariant, neither the 
pressure nor the concentration of the solution being variable. 
It is then said that at a given temperature, salt has a definite 
solubility in water and that the vapor pressure of water over such 
a saturated solution of salt in water has a definite value. If, 
however, insufficient salt is added to make a saturated solution 
at that temperature, there would be but two phases, solution 
and vapor, and therefore it is possible to fix another variant, 
either the concentration of the solution or its vapor pressure. 
Thus it is stated that at 100°C., the vapor pressure of a solution 
of 1 part of glucose in 20 parts of water is 756 mm. of mercury. 
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ONE-COMPONENT SYSTEMS 

Vapor-pressure Curves. — The sum of ilie number of phase's 
and the mimbc'r of degre'es of freedom in a system of one com- 
poiH'iit is tiiree'. In tlie system wate'r and water vapor, it is 
tlH'refore possible to fix the t.eini)erature and obtain a correspond- 




Temperature^ Deg. C. 

Fkj. 1. — -Vapor-prcssun* curve of water. 

ing vapor pressure. If this is done over a wide range of tempera- 
tures, and the corresponding pressures determined, the results 
w hen shown graphically would appear as Fig. 1, which is the well- 
known vapor-pressure curve for water. 

Since in the system ice-water vapor there are two phases as 
before, it is possible by fixing the temperature to fix the sys- 
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tom, and, therefore, the vapor pressure and the vapor-pn'ssiire 
(‘urve for ice are obtainc'd. Theses may Ix' }dott(‘d as i)efore. 

Lik(‘wise, the system icavlicjuid Avat/or is a uni variant system, 
and fixing the pressur(‘, for instanee, will determine tlie temp(‘ra- 
ture at- which ice will ehang(‘ into water or tin' nn ersev A plot 
of such data will give the ecpiilibrium curve l)etwe('ii solid and 
liquid water. 

Plot these thn^e curAa\s as on Fig. 2, where the curve ABC 
is the vapor-pressure curvi' for liquid water, tlu* curve DB is 



Temperature, Decrees 

Fig. 2. — Va})or-i)vessure diagram. System — ioc, water, water vapor, 

the vapor-pn'ssure cur\a‘ for ice, and th(‘ curve EB is th(‘ equilib- 
rium curve for ice and Avater. At the point B, ice, liquid, 
and vapor are all in (equilibrium, and therefor(‘, bot h temperature 
and pressure are fixed, being about O'^C. and 4.60 mm., respec- 
tiv(dy. The field DBE is the field of stable ice, and Avithin that 
field ]>oth ttmiperatun? and pressure can be varied proAuded no 
liquid or vapor is pnvsent . Tin* area EBC is the fi(‘ld where 
liquid water is stal)l(\ and th(‘ pr(‘ssure and t-(nn[)eratur(^ can both 
be varied if indtluT ice nor vapor is j)res(‘nt. Tin; field below 
the lines DB and BC is the fudd of siqxTlu'aU'd water vapor, which 
b(‘haves like a gas, both temperature and })ressure bedng variable. 
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The line AB in the line of equilibrium between supercooled 
water and vapor. The water, however, is not stable at this 
temperature, and if a crystal of ice is introduced, the water 
solidifies instantly. 

Change of Temperature at Constant Pressure. — If the system 
water is raised at constant pressure, say 8 mm., from —20 to 
-}-20®C., the system would first consist wholly of ice. As the 
temperature was raised, no change of ])hase would occur until 
the system reached the temperature corresponding to th(‘ inter- 
s('ction of the 8-mm. line and the ciirv(' BE, when the ice would 
start to melt. The temperature would then rc'main constant 
until all of the ice was melted, when it would again rise until the 
line BC was reached. Here the liquid would start to evaporate, 
and the temperature would remain constant until all was in the 
form of steam. Further heating would then raise the tempera- 
ture, and the system would consist of superheated water vapor. 

Unstable Conditions. — The line A B — that of supercooled 
water — lies above the vapor-pressure curve of ice DB\ or, the 
vapor pressure of the unstable liquid below 0° is gr(‘ater than that 
of ice. It is evident from this that it is not possible for ice, licpiid, 
and vapor to exist together below 0°C., since th(i vapor from 
tlie water would be supersaturated with respect to the ice and 
would, therefore, condense upon it, eventually converting all 
of the liquid to solid through slow evaiK>ration and condensation. 

In general, the facts noted with respect to the systcun wat('r 
apply to other systems of one component. However, since 
fractional distillation deals with systems of two or more com- 
ponents, two-component systems will next be considered. 



CHAPTER III 


TWO -COMPONENT SYSTEMS 

Space Model of Two -component Systems, -lii systems of two 
components, the sum of the number of phases and the degrees 
of freedom is four. Tlierefore, if })ut one ])has(^ is ]>resent, there 
are three degrees of freedom, and tlu^ com})osition of the phases 
must be considered in addition to the tcanperature and pressure 
of the system. Since any of th(‘ variables may be subject to 
variation, the graphical representation will involve a space model 
of thn^e coordinates— tempcTature, j^nissure, and concentration 
— as indicated in Fig. 3, where the line OR represents temperature; 



FitJ. M.- Space model -Iwo-comporiont system. 

the line OA, })ressure; and the line OC, concentration. Any 
points lying in the plane AOB or any plane parallel to it will 
have the same composition. Any points in any plane parallel 
to the plane AOC will have the same temperature, wher(‘as the 
plane COB and planes parallel to it will b() planes of constant 
pressure. The use, however, of space models is inconvenient, 
and it is usually customary to fix one condition, such as pressure 
and work with a two-dimension diagram, which in this (*ase is 
usually one of temperature composition. 

In the study of fractional distillation, it is usual to deal with 
liquids and vapors, and it is unusual for solid phases to be of 

9 
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iinportaiice. TIk'r* are two eoininoii syst(‘ins of licjiiid and 
\ a))or when' th(‘n‘ a,r(^ twa) (‘oinponeids: first, solution and va,j)or 
and, s(M'ond, two liquids and vapor. Tn lh(‘ first eas(\ tli('re ar(‘ 
two ])]iases, and tlie system is hivariant. In the second case, 
there are three pliases, and the system is uni variant. 

Partially Miscible Liquids. — The uni\ariant system of two 
licpiid phas(is and the vapor phase is found wdiere two liquids 
are only partially soluble in each other. Th(^ relative solubility 
of tlie two (a)mponents in each other may vary from almost 
nothing to comi)lete miscibility. Furthermore, the degree to 
which one component wall dissolve in t]it‘ other elianges wath the 
t emperatun', and uni variant systems frecpiently become bi variant 
on raising the temp('ratur(‘, owing to the comj)onents becoming 
comphdely soluble in each other. 

Phenol and Water. The ease* of plaaiol and water is a good 
example of the latter. At 20°C., w^at(‘r will contain 8.40 i)or 
cent of phenol. If the temperature be raised to 50 the solu- 
bility wall be increased to 12.08 per c.ent. ' Similarly, phenol 
wall dissoha' waitcaq and at. 20^^, the amount present amounts to 
27.76 per (‘ent, wdiereas at 50, it has risim to 37.17 p(‘r eiait. 
It thes(^ solubiliti(\s are plotted as on Fig. 4, it wall be seen that 
the res})('ctive solubility curves an) really one curve which passes 
through a maximum point at a (‘omposition of 35.90 per ccait 
phenol and at a tcanperature of approximately 68.8°C. 

When plienol is added to water, and the tcanperaturc^ kept at 
20°, it at first dissolves completely; but wdien a (‘omaaitratlon 
of 8.40 per cent has Inaai reached, the addition of any more 
phenol wall cause the formation of a second layt^r, wdiich will have 
a composition of 72.24 per cent. Further addition of phenol 
wall then have no effect upon the concentration of either liquid 
phase, the relative amounts of each phase changing to keep 
the percentages constant, until enough phenol has beem added 
so that the whohi system contains phenol and water in the ratio 
72.24 to 27.76, when any further addition of }>henol will cause 
the disappearance of the 8.40 per cent phase, and the system 
will again become a system with om* liquid and one vapor phase. 
Viewed from the standpoint of the phase rule, so long as only 
one liquid phase is pn^sent, it is possible to fix arbitrarily two 

^ Kothmund, Z. Phys. Chem.y 26, 433. 
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conditions, such as tenip(‘ratiirc and composition; ))ut upon 
the apj)oarance of the second lirpiid })hase, the degrees of freedom 
are reduced to on(‘; and since the temperature has been fixed 
in the foregoing (‘xaniple, the compositions of both of tb(‘ two 
j)has(‘s are thendore d('termin(‘d. Above tla^ critical t(nn])(‘ratur(‘ 
at which ])otf} liquid phases have the sanui com])osition, the 
conq)on(‘nts a, re miscit)l{' in all proportions, and it is })ossible to 
vary any two of the t(‘m]a‘rature, composition, or vapor ])ressure 
at will. 



Complete Miscibility. It is (‘vidcait tliat syst(ans of two com- 
ponents whi(;h are partly solubl(‘ in ea(*h other at ordinary 
temi)eratur(‘s are sj)ecial cases of the geiK'ral one of (‘omplete 
miscibility, and within th(‘ limits of solubility their behavior is 
the same as that of the latter. 

Liquid Composition. — In the chapter on One-component 
Syst(ims, it was pointed out that where the system consisted of 
two phase's— liquid and vapor — fixing the temperature gave a 
definite vapor pressure, the values of which when plotted gave 
the vapor-pressure curve of the liquid. In the same way, in a 
system of two compoiH'nts, if the com])osition of the liquid is 
fixed, fixing the temperature Avill dedermine the vapor pressure, 
wlu're there is oik' li(iuid phase, find the v.‘ij)or phase. If both 
(‘ompouents are volatile, fixing the temperature and the composi- 
tion of the liquid will also determine the composition of the 
vapor ])hase. 
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Temperature-composition Diagram. — By fixing the vapor 
prc.SHiirc of a two-component system, a temperature-composition 
diagram can be made. Figure 5 shows a temperature-composi- 
tion curve for carbon tetrachloride — carbon bisulphide at a 
vapor pressure of 760 mm. Any point on the curve ABC gives 
the composition of a mixture of CCU and CS^ which boils at a 
I)ressure of 760 mm. at any given temperature t, wiiere t is in 
degrees centigrade and x is the mol fraction of CSo. The us(^ 
of the *^mol fraction or ^ ^molecular fraction greatly facilitates 
calculations of vapor-pjressure phenomena. By it is meant th(" 
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-Boiling-point curve for CCI4-C82 mixtures. 


number of molecular weights of the one component in a mixture 
in which the sum of the molecular weights of the respective 
components is 1. Mol per cent is equal to 100 times the mol 
fraction. The line ADC represents the composition of the vapor 
that is in equilibrium with the liquid at any given temperature. 
Thus a liquid with the composition X\ will have a vapor pressure 
of 760 mm. at the temperature < 2 , and the vapor in equilibrium 
with it will have the composition X 2 - 

Starting with a mixture of the composition Xi and at a tem- 
perature below ^ 2 , there can be but one phase present, the liquid 
mixture of CCb and CSo. As the tenij)eraturo is raised, no 
change })ut the (‘xpansion of the liquid will occur until the vertical 
line at Xi hits the curve ABC, when a vapor phase of the (*om- 
position X 2 will appear. Since there are now two phases and the 



T H O-COMPONEN T S Y STEMS 


13 


pressure is fixed, there can be but one variable, temperature, and 
the composition of the phases will depend upon it. Let the 
temperature. then be raised to some point t-i] and the liquid and 
vapor compositions, being no longer independent variables must 
change accordingly, which Ihey do along the curves ABC and 
ADCj respectively, tlie liquid now havmg a composition and 
the vapor in equilibrium with it a composition 0:4. It should be 
remembered that the (piantity of CCI4 and CSo in the system 
has not cliang(‘d during t his process, and, therefore, the change in 
the compositions of the licpiid and the vapor includes such a 
(‘orresponding change in the relative proportions of each phase 
that the total composition of the system remains the same, X]. 
Furthermore, the relative proportions of the liquid i>hase and 
vapor ])hase, at the tcanperature U, are as the distan(*es FG and 
KF. It will be s(Hm that as the temperature is raised further, 
the i)roportion of liquid phase decreases, until when the tempera- 
ture reaches a point corresponding to the intersection of the 
vertical line Xi and the curve ADC, which occurs at a temperature 
ti, the vaj)or has the same composition as the original liquid, and 
the liquid phase* disap{>(^ars. At higher temperatiires, there is 
hut one, the vapor, phase, and the system again becomes trivari- 
ant, so that at (*onstant pressure it is possible to vary both the 
temperatnrt* and the composition of the vapor. This is the 
region of superheated vapor. 

If the foregoing process is reversed, the steps can lx* followed in 
the same way. Starting with superheated vapor of a composi- 
tion Xi and at a t(‘mperature /r„ (‘ondensation will first occur when 
the vertical line Xi cuts the vapor line ADC, when liquid of a 
(‘omposition Xr, will separate out. Further cooling will change 
both the composition of the liquid and the vapor along the lines 
ABC and ADC, respectively, until the liquid has reached the 
composition Xi when all the vapor w^ill have disappeared. 

General Methods of Fractionation. — There are two general 
methods by which fractionation can be obtained: su(*ccssive dis- 
tillation of the condensed distillates, and fractional condensation, 
bot li methods d(‘pending on the se])aration of the liquid from t he 
vapor wdiile the phases are in equilibrium. 

Successive Distillation. The first method, successive distilla- 
tion of the condensed distillates, can l)e best show n by referring to 
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Fig. 5. Starting with a large amount of liquid of the composition 
Xi, which boils at 760 mm. pressure at a temperature a small 
amount of vai)or, of the composition Xi, is removed from the 
apparatus and condensed, giving a liquid of the composition 
Xx. Let this Jiew liquid again be distilled, and the first portion 
of the distillate will have the composition X 2 . Continuing this 
process, the successive compositions of the distillate can b(‘ 
estimated by following a series of steps, which eventually approach 
the point C, pure CS 2 , as a limit. 



The removal of any vapor of a composition from the liquid 
of the composition x^^ will change the composition of the liquid 
in the direction of pure CCI4. Therefore, if the distillation of 
the liquid is continued, the composition will approach pure CCL 
as a limit, and the last of the liquid to be distilled would have 
this composition. 

It is therefore possible by a systematic series of distillations to 
separate any mixture of CS2 and CCL into practically pure CS2 
and pure CCL. This systematic fraction may be shown dia- 
grammatically as in Fig. 6, in which the original mixture (1) 
is divided into a distillate* (8) and a r(*sidue (2). (3) and (2) are 

then distill(*d se})ara,tely and produce* elistillat(*s anel re*sidues, the 
distillate* fre)m (2) anel t he r(\sidue fre)m (3) beang combined into a 
new lieiuiel (5) which is again elistille*el with (4) anel (6) to con- 
tinue the separation. This process is ce)ntinued until practically 
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c*onj})l(‘t(^ separation is obtained. Sneli a proec^ss is som(‘tinK‘> 
earrii^d out. in the laboratory, but. it is (wlnanely tcHlious, and 
the same r(‘sult ean be o))tain(‘d in otluT, niueh inor(‘ eonvcaiient 
ways. 

Multiple Distillation. Sup])os(‘ an apparat us as in Fig. 7, (*on- 
sisting of a series of distilling kettles d, B, C, ete., each ketth^ 
eontaining a heating coil and neeessaiy eon lua*! ions for vapors 
and licpiids. Suppose', that ket.tle A contains a, liepiid mixture 
of CS 2 and CCI4, of the composition as in Fig. 5; the kettle B, 



7. — Diagntni of multiplo disHllation. 


a liquid of the composition .rj; the kettle C, the composition X 2 ] 
and so on. The licpiid in d boils at that in B at and that in 
C at U. Since the vapor leaving A is at a temi)erature which 
is higher than the boiling temperature in B, ( 2 , then, if the vapor 
from A is led into the heating coils of B, it will give up its heat 
to the ('ontent.s of B, boiling the liquid, and itself being partly 
condensed. The vapor from B, if led into the heating coils of C, 
will, in the same way, boil the liquid in C, the vapor being itself 
condensed as before. The condensed vapors in the coils may b(‘ 
drawn off into receivers D, E, h\ etc. However, since the com- 
position of the liquid in B was selected to be the same as that of 
the vapor coming from the kettle d, from Fig. 5, the condenscni 
vapor in the coils of B can be allowed to mix with the ('ontents of 
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B iiis1('ad of being withdrawn into tlu* reca'ivor E. Now, sinci^ 
vapor from .1 is Ix'ing mixed with tlic' licpiid in B, and sima; 
tlu'rc is a h(‘at int(n’chang(‘ botwocai tlio two, it is much simpka* to 
blow the vapor diretdly into the liquid, thus dispensing with the 
coils. 

As the licpiid in the kettle B distills, giving off a va})or richer in 
CS 2 than itself, the concentration of the liquid tends to be(*()m(^ 
poorer in CS 2 , in spite of the addition to it of the vapor from A. 
Therefore, if it is withdrawn continually through tlie pipe J 
and run into the kettle .4, the tendency for the liquid to b(‘come 
poorer in CS 2 will be reduced, and the contents of tlie kettle A 
will, at the same time, be enriched. In the same way, the liciuid 
in C is allowed to flow continuously back into the kettle B. 

Continuous Fractional Distillation. — By tins process, t])ere- 
fore, if a constant supply of vapor is furnished to tlu' kettle A, 
a continuous fractional distillation can be ol:)tained. Further- 
more, since each kettle reprcisents a change in composition 
corresponding to one step in the diagram of Fig. 5, if there ar(‘ as 
many kettles as there are reejuired steps to pass from practically 
pure CC'b to practically pure CS 2 , such an ap[)aratiis will 
separate the mixture into the practically pure comi)on(aits, con- 
tinuously and with but little labor. 

Fractionating Column. — The foregoing device is tlu' basis upon 
which the fractionating (rectifying or dephlegmating) column of a 
fractionating still is made. A portion of a simple column is 
shown in Fig. 8. This column contains perforatcxl plates, di\dd- 
ing it into the sections A , /i, C, etc. Each of these sections has 
the same function as a kettle in the previous ai)paratus. The 
vapor from the liquid on the plate A passes through the small 
holes in the plate B and, coming into contact with the colder 
liquid on the plate B, is condensed, thereby giving up its heat to 
the liquid on the plate and causing it to boil. The excess liquid 
on the plate B overflows on to the plate below through the pipe F. 

The analogy between this fractionating column and the series 
of kettles would be better if the vapor leaving the liquid on the 
plate had the equilibrium composition as predicted from curves 
as on Fig. 5. But, unfortunately, no design has been able wholly 
to prevent some of the vapor from the plate below from passing 
through the liquid on the plate without coming into equilibrium 
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with it. The vapor above any plate, therefore, is a mixture t>f 
the vapor from the liquid on tiiat plate and of the vapor from th(^ 
])late below, and, therefon*, it will contain less of the volatile 
component than would be the case if complete equilibrium wen^ 
reached. The ratio of the actual composition of tlie vapor over 
the plate, wIkui thti reflux ratio^ which will be explained in Chap. 
XIII, is infinite, to the equilibrium (jomposition of the vapor is a 
measiirt^ of tlie efficiency of the plate as a 
fractionating device. 

The numerous modificatunis of tlie frac- k 
lionating cohiinn will be discussed in the 
chapter devoted to that subject. 

Fractional Condensation. — The second 
general method by which fractionating can 
be obtain(‘d is fractional (condensation. ^ 

Referring again to Fig. 5, suj)pose a mixture 
of CS2 and CCI4 vapor with th(^ composi- 
tion Xi and at the t.cauperature h. It was 
stated that, upon cooling, condensation 
would begin wluai the xq vertical line 
reached the vapor line ADC and that the ^ 
liciuid that apix'ared would have the com- 
l)osition X 5 . If, now, the liquid is reimjved 
from contact with the vapor as rapidly as Fiq. 8.-— Diagram of frac- 
it appears, and since the liquid is poorer in tionatmg column, 
the more volatile component CS 2 than the vapor, the vapor will 
grow progressively riclu'r in C'So as the temperature drops until, as 
the last of the vapor condensers, its composition will have reached 
that of pure CS2. It is, thendore, possible to separate the pure 
more volatile component from a mixture by vaporizing the mix- 
ture and then condensing the vapor gradually, withdrawing the 
condensate as rapidly as it appears. But it is obvious that such a 
l)rocess would be most inefficient, since all of the liquid must be 
vaporized and condensed in order to obtain the last portion of 
remaining vapor as practically pure component. Actually, frac- 
tional condensation is combined with successive vaporization and 
with a modification of suc(*essive condensation, known as washing 
or scrubbing which will be discussed below, to produce efficient 
fractionation. 
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Classes of Binary Mixtures. -Binary mixtures of volatile 
liquids, miscible in all proportions, are divid(^d into three main 
classes. These thre(‘ classes are illustrated by Fig. 9, wh(T(‘ 
curve I is tlu' licjuid-vapor curv(' for carbon tetrachloride 
carbon bisulphide mixtures at 760 mm. which was shown on 
Fig, 5. This type* of mixture can be separated into its compo- 
nents by fractional distillation. 



Fig. 9. — Types of binary mixtures. 


Maximum Boiling Point. — Curve 11 is the boiling-point 
curve for mixtures of acetone and chloroform. This curve 
])asses through a maximum i)oint at approximatt‘ly a composition 
of 65 mol per cent chloroform, at a temperature 64.6°C., wdiich 
is higher than the boiling temperature of either pure component, 
and the liquid and vapor curves touch each other at this maximum 
point. Evidently, a liquid of a composition corresponding to 
this maximum, when raised to its boiling point, would produce 
a vapor of the same composition as the liquid, and, therefore, 
the two (components cannot be separated by fractional distillation. 

If a vertical line is drawn through this maximum boiling 
])oint, the diagram will be divided into two parts, and the section 
of the curve in each part will resemble the simple type of curve I. 
It can, tlucrefore, be stated that in such a system of t.wo compo- 
lU'iits, wh(T(* then* (exists a maximum boiling point, any mixture 
of tlu^se compoiuents (can be s(eparat,ed by fractional distillation 
into one pure component and the mixture of constant-boiling 
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point hut that it is iin)3ossihl(‘, ))y fractional distillation alono, to 
separate such a inixtun' into both of its coinj)oneuts. Further- 
niore, in a fractional distillation of such a mixture^, th(‘ distillate 
Avill he rich(T in th(‘ pun* coiniionent, since it boils at the lower 
t(‘niperature, and the residiu* will he richer in the constant- 
boiling mixture (C.B.M,). 

Minimum Boiling Point.— Mixtures represen t(Kl by curve III 
are the type having minimum boiling points. Siudi mixtures 
b(*have exactly like those of maximum boiling points, exc(^pt that 
upon distillation tin; distillate is richer in the constant-boiling 
mixture, while the r(\sidue is richer in the pure component. The 
lx\st known case of such a mixture is that; of ethyl alcohol and 
water, which will be discussed later in detail. 

Since in such systems there an^ two phases, liquid and vapor, 
and if the condition is fixed so that both phases have the same 
composition, as is the case with the mixtures of constant-boiliiig 
point;, then there can be but one otluT degree of freedom; and if 
the pressure is fixed, tlum the system is invariant, and it is 
impossible to change the (amiposition of the constant-boiling- 
point mixture. But changing the pressure will allow a change 
in the comi)osition of the mixture. Also, the addition of another 
(*omponent, such as a salt, to the liquid, will allow a change in 
tlie composition. This latter method is in common use, indus- 
trially, for this purpose and will be discussed lat(‘r. 
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MORE COMPLEX SYSTEMS 

Two-eomponont systems have thus far been the subject of 
consideration, but fractional distillation is by no means confined 
exclusively to such systems, since most industrial mixtures con- 
tain greater or lesser amounts of impurities, and fractional dis- 
tillation is often depended upon to separate the products from 
them. It is frequently true, however, that the mixtures to be 
separated consist largely of two components and that the other 
components are present in relatively small amounts. If this is 
the case, it is customary to consider the system preliminarily as a 
two-component system and then modify the design to allow for 
the other components. In many cases, however, this cannot be 
done, and the system must be considered from the start as a 
multicomponent system. 

Three -component Systems. — In systems of three components, 
the sum of the number of phases and the degrees of freedom is 
five. In order that such a system may be invariant, five phases 
must be present. In systems consisting of liquids and vapors, 
however, it is rare that more than two liquid phases and one 
vapor phase are present, and such a system, therefore, has two 
degrees of freedom. For instance, ethyl ether and water are 
partially soluble in each other and when mixed in proportions 
greater than the limits of solubility form two liquid phases: 
one a solution of water in ether, and the other a solution of ether 
in water. Such a system of two components, with two liquid 
phases and one vapor phase, has one degree of freedom, and, 
therefore, if the temperature is chosen, the system becomes 
fixed, and the compositions of the liquids and of the vapor and the 
vapor pressure of the system are fixed. If, however, some ethyl 
alcohol is added to the system, it now becomes one of three 
components, and it is possible to fix some other condition in 
addition to the temperature, for instance, the vapor pressure. 

20 
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Or, ill other words, th(‘ tejiiprraliiri* at ns hicli sueli a luixlure Avill 
boil at atmospheric ])r(\ssur(\ /.c., tli(‘ ((‘inperature al which 
1h(‘ vapor i)r(\ssur(^ bc'coiiK's ecpial to th(‘ baroiiadric jinsssure, 
may also Ix' variial. If the* tempf'rature and ])ressiire are fixeal, 
Itie compowsitioiis of tiie liquid and vapor phases become fixed. 

System: Ether, Alcohol, Water. — In the system etln^r, water, 
alcohol, if alcohol is add(‘d to the etlua* and water, th(^ solubility 
of ether in th(‘ wat(‘r is increasial, and the solubility of the waten* 
in tlie etlier is increased. If sufficient alcohol is added, a point 
is reached when the (dher phase and the water jihase contain the 
same amounts of ether, alcohol, and water, and any further 
increase in the amount of ah'ohol will produce a sy stem of one 
liquid phase, where ether, water, and alcoliol are completely 
soluble in each other. Under this condition, then? are three 
degrees of fre(‘dom, and the temix^ratiire, pressure, and composi- 
tion of the liquid, for examph?, can lx? fixed. This will fix the 
cennposition of the vapor phase in ecpiilibrium with the liquid 
])hase. It is difficult to show diagram matically thr(?e-compo- 
nent systems. One method of grajihical representation is shown 
in Fig. 10, which consists of a prism erected on an equilateral 
triangle ABC. The sides of the triangle are divided into 10 or 
100 equal divisions, n'presenting mol fractions of the components. 
Thus th(^ line CB rc'presents mixtur(\s of the pure components C' 
and B, and any point, on the liiu' indicatr^s their mol fra(?tions. 
Also, any point on tlu‘ liiu? .1(7 r(*pr(?sents mixtures of the compo- 
nents A and C; and any }xnnt on the line AB, mixtures of the 
components A and B. 

It is a property of such a triangle that if the haigth of the 
perpendi(?ular from any apex to the opjxisite side is unity, the 
sum of the perpendiculars from any point within tlu? triangle to 
the three sides will also equal unity. Therefore, since the sides 
are divided uniformly as mol fractions, the length of the perpen- 
diculars from any point within the triangle to the resxx?ctive sides 
will indicate the mol fraction of the component, whose apex lies 
opposite the side of the triangle to which the perpendicular 
is drawn. Thus, the point 0 has the perpendicular line OK 
drawn to the line AC, having a length equal to 0.2. Therefore, 
the mol fraction of the component B is 0.2. In the same 
way, the mol fraction of C is 0.3, and the mol fraction of A is 0.5, 
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totaling 1.0. Any inixtnn' of A, B, and C may, therefore, be 
indieatiHl by j)roperly locating its coini)osition on this triangh'. 

If th(‘ V(‘r{ical diiiK'iision of tlu' prism r(*i)resents temperatur(‘, 
on such a spa(;e model, it is possible to illustrate changes in 
temperature and composition but not changes in pressure. 



Just as in a two-component system the temperature-composition 
diagram was at constant pressure, so in this case the whole space 
model is at constant pressure. The pure component B boils 
at atmospheric pressure at a temperature corresponding to the 
point J. Pure C boils at a temperature corresponding to H, 
while pure A boils at the temperature G. The plane surface 
CEFB of the prism, then, is exactly the same as the temperature- 
composition diagram used for tjvo-component systems, and the 




MORE COMPLEX SY.^TEMS 


23 


l)oiling-poiiit curve for mixtures of C and B can be drawn as 
before, together with the vapor curve in equilibrium with it, as 
shown by the curv(‘s IfPJ and HQJ, respectively. In the same 
way, the boiling-point and vapor curves for mixtures of A and C 
can be drawn in the plane ADEJC, and the boiling-point and vapor 
curv(^s of mixtures of A and B can be drawn in th(^ plane ADFB. 
It will b(^ s(‘en that the three boiling-point curves HPJ, GRH , 
and (HJJ form the boundaries of a surface. This surface repre- 
sents the boiling temperatures of mixtures of A, B, and C, whose 
compositions are determined as above. In the same way, the 
vapor lines HQJ, GSH, and GTJ form another surface which 
represents the vapor in e(iuili])riurn 
with the liquid mixture. A hori- 
zontal plane n'pn'sents a plane of 
constant temperaturf*, and such a 
])laTi(^, cutting both licpiid and vapor 
surfaces, will form Htios that indicate 
compositions of the va]X)r phas(‘ 
which are in equilibrium with the 
liquid mixtunss which boil at that 
temperature. Such an intersection 
of a constant-temperature plane 
with the licpiid and vapor surfaces is shown in Fig. II, where 
the line ahc is the intercept with the vapor surface, and the 
line def that with the liquid surface. Since there are two phases, 
liquid and vapor, and the pressure and temperature have been 
fixed, tlu^re is om* degree* of freedom. If, now, the composition 
of the liquid with r(*spect to one component is fixed, say 10 mol 
per cent of A, the line representing a mol fraction of A of 0.10, 
gh, will cut the liquid line def at some point x. A liquid of this 
composition will boil at the fixed temperature and pressures 
The vapor in equilil)rium with the liquid x will have some fixed 
composition on the line ahc. 

Ternary Constant-boiling Mixtures. — The system illustrated 
in Fig. 10 is one in which there are no constant-boiling mixtures, 
and separation by fractional distillation can be comphdf*. Very 
commonly, however, one pair of the three will have a constant- 
boiling mixture, and often two pairs of the three will have such 
mixtures. When this latter occurs, constant-boiling mixtures 
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of the three compoiuuits will be obtained. This is very common in 
cases w^here one of the components is only partly soluble in the 
others, e.g., the mixture of benzene', ethyl ak'ohol, and water. 
This system has a constant-boiling mixture, boiling at a tem- 
perature considerably below any of the pure compoiu'iits and 
containing more water than the constant-boiling mixture of 
alcohol and water. This system may be used in the manufacture 
of absolute alcohol. 

Partially Miscible Components. -Oea'asionally, the pn^se'iice of 
a partly soluble (a)m])onent and a binary constant -boiling 
mixture fails to ])roduce a ternary C.T3.M. P'or instance, iso- 
amyl alcohol is only partly soluble in water, and ethyl alcohol 
forms a C.B.M. with water; but no ternary C.B.M. is formed, 
since the alcohol-water C.B.M. has a lower boiling t(anp('rature 
than the isoamyl alcohol-wate^r inixture in the im^seiu'C of 
alcohol. This permits the separation of the isoamyl alcohol 
from the ethyl alcohol and water, as illustrated in tlu' r(*co\'ery 
of fus('l oil in the rectification of fermentation alcohol. 



CHAPTER V 


THE GAS LAWS 

The principles involved in fractional distillation are funda- 
mentally the elementary laws of physics and thermodynami(‘s. 
Many of the so-calhid physical laws are, howc'ver, v(‘ry limited 
in their applications and do not apply exa(*tly throughout the 
whole range of conditions included under distillation. Often, the 
laws hold exac^tly only for tlie non(‘xistent perfect gases and for 
perfect solutions and hold only approximately for actual gas(^s 
and solutions whicih are said to ap])r()a(*h ])('rfect gases and solu- 
tions to a greater or lesser degree according to their behavior in 
relation to the perfect-gas and -solution laws. However, in 
enginecu’ing work, the large number of more or less iiuh'tcu’ininate 
factors that come into evcay problem naidc^r exact- solutions 
very difficult-, and approximate solutions are usually nc^cessary 
and satisfa(;tory. Under th(?s(‘ (*ircuifistances, the i)erfect-ga.s 
and -solution laws often give results that are sufficiently (‘lose for 
engineering purpose's. 

Boyle’s Law. —TIh' first of tlu' theoreti(*al laws of importance 
in distillation is the law of Boyh', which stab's that- at (constant 
temp(^rature th(' volume of a give'U gas is inversely proportionate 
to its pressure, or 

PV — constant 

Thus, doubling the j)ressure on a given amount of a ga- at con- 
stant temperature should halve its volume. 

Gay-Lussac’s Law.^ — If, however, the temperature of a given 
amount of a gas is raised, either the gas will expand or its pres- 
sure will increase, and it has been found that at O^C., raising the 
temperature 1°C. will cause a gas to increase in volume 3273 of its 
volume, at constant pressure; or inversely, the pressure will bc' 
increased 3^7 3 of its pressure at 0®C., if heated at constant vol- 
ume. This temperature effect is known as the law of Gay-Lussa(*. 

25 



26 


FRACTIONAL Dh^T ILLATION 


Absolute Zero. — Since the voIuiik' of a ^as diniiiiislics 
its volume at O^C. for ea(‘h (l(^gr(‘e that it is cook'd, when tlu^ gas 
has been cooled to — 273°C., or ~273.1°C. (exactly, its volume 
should be zero. — 273'^C. is, therefore, known as the absolute 
zero. In English units, this corresponds to — 459.6®F. This 
would occur only with a perfect gas, however, and it has been 
found that actual gases condense to the liquid state before 
— 273°C. is reached. 

Perfect-gas Equation. — The laws of Boyle and Gay-Lussac 
can be combined to give the equation 

PV = NRT 

where Pis the absolute pressure exerted by the gas, V is its volume, 
N is the number of molecular weights or mols of the gas present, 
T is the temperature at which the gas exists, when measured from 
absolute zero, and R is some (Huistant, known as the gas con- 
stant, whose value varies according to the units which are selecded 
for P, V, and T, Thus, when T is in degrees centigrade absolute, 
P is in atmospheres pressure, and V is in liters, R will have the 
value of 0.08207 (0.082). R — 1,543 when T is in degrees 
Rankine (degrees Fahrenheit + 459.6), P is in pounds per square 
foot absolute pressure, N is in pound mols, and V is in cubic feet. 

Molal Volume. — The volume that one molecular weight in 
grams of a gas will occupy at 0°C. and 1 atm. (atmospheric) 
pressure may be found as follows: 

1 X F = 1 X 0.08207 X 273.1 
V = 22.41 1. 

The value 22.4 1. of 1 g. mol of a gas at 0°C. and 1 atm. pressure 
is a very convenient figure to remember, and frequent use will 
be made of it. In the same way, the value of the mol in English 
units may be determined and has been found to be 359.0 for 
1 lb. mol of a gas at standard conditions (32°F. and 29.92 in. of 
mercury, normal barometer). 

As has been stated above, no gases follow the laws of the 
PF = NRT equation exactly. The greater the distance of a 
gas above its saturation temperature, and the lower the pressure, 
the more nearly will the gas behave like a perfect gas. For the 
so-called permanent gases such as oxygen, hydrogen, and nitro- 



THE GAS LAWS 


27 


gen, the PV ^ NRT equation holds almost exactly for ordinary 
temperatures and pressures. But even these show marked 
deviations as the pressure's increase and the temperatures 
approach the liciuefying point. Consequently, other equations 
have been worked out to des(;ribe the behavior of these gases 
more exactly, the most notable', be'ing that of Van der Waals 

(P + - 6 ) = RT 

which is the PV = NRT equation with = 1, anel P and V 
e'orree’ted for the internal-pre\ssure effect e)f the molecules of a 
gas and for the actual volumes of the molecules of the gas them- 
selves. This equation holds ve'.ry well for most gase^s up to 
e^xtremely high pressures, and in some caseis for the liepiefied 
gase^s also, but it is a difficult equation to handle and is used very 
little in engineering work. 

In order to show tiie applicability of the equation PV = NRT, 
the following table has been calculated for 1 lb. of steam. Thus 
it is evident that for similar saturated vapors, the foregoing 




Specific 

volume, 



Temperatuni, 

dt^greos 

Fahrenheit 

Pressure, 
pounds per 
square inch 

cubic 

feet 

Differ- 

Condition of 

Actual 

(Ullcu- 
1 lated 

ence 

vapor 

212 

14.70 

! 26.81 

1 

27.21 

0.40 

Saturated 

250 1 

15.00 

27.84 

28.18 

0.34 

Sujx^r heated 

400 

15.00 

33.96 

34.13 I 

0.17 

Suj)erheated 

600 

15.00 

41.98 

42.09 i 

1 ' 

0.11 

Superheated 


equation is good to about 2 per cent; whereas for superheated 
vapors, it becomes increasingly more accurate as the degree of 
superheat increases. Since, in most low-pressure distillation 
work, errors of 2 per cent in the volume of vapors are not serious, 
the use of this ecpiation may be permitted. 

A method that is useful for ai)proximating th(' P-V-T ndations 
where the f)(‘rfect-gas laws are not sufficiently accurate is to us(‘ 
the formula PV = uNRT where fx is an empiric*al correction 
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that same amount of gas were present in the same space alone and 
that the total pressure exerted by the mixture of tlie gases is 
(‘xactly equal to th(^ sum of the individual })ressures of ea(‘h of the 
gases if each wen^ ])res('nt aloiu' in tlu‘ same sj)ace. TIk' })ressure 
of tlu^ individual gas is called its partial pressun^, and th(‘ fore- 
going law is known as Daltcm’s hiw' of partial pressures. 

Since tlie ecjuation PV ^ N RT is substantially correct for all 
gases and \’apors, tlu^ voIum(‘ of oih‘ mol of all gases must be 
the sam(‘ at the same t(‘in])(Tature and pr(\ssure. It is therefon^ 
evident from Dalton’s law that the ])artial pn'ssure of a gas in 
a mixture of gases must be ])ro])ortional to 1h(' ratio of the number 
of mols of the gas present to the total f lumber of mols of all the 
gas(\s ])r(‘sent. This ratio is calk‘d the mol fraction (?y)^ and the 
rule may be stated 

V = 

where p is the jiartial ])ressun‘ of the gas in tln^ mixtiir(‘ of gases 
(containing y mols of the gas p<‘r mol of tlu^ mixture, and P is th(‘ 
total pressure of the mixture. It also follows tliat tlie jienamtage 
by volume of a gas in a mixtun* is equal to 100?/. 

Composition of Air. — Thus, air contains 21.0 per c('nt oxygcm, 
78.0 per c(mt nitrogen, and 1.0 jier cent argon, by volume. 
Therefore, when air exists at 760 mm. pressure, the partial 
l)r(\ssure of tli(‘ oxygcai will 

"lOO ^ ” 159.6 mm. 

It is often necessary to convent percemtage by volumt' of a gas 
to percentage by weiglit, or the reverses The method is indicated 
by the following example. 

Calculation of Weight Per Cent. — Ckilculate the wenght com- 
]>osition of the oxygen, nitrogen, and argon in air 

The moleeular weight of oxygen is 32.00. 

The inoh'cular weight of nitrogen is 28.02. 

The molecailar w(‘iglit of argon is 30.88. 

If 100 niols of air is iisc'd, tin* w(‘ight of the 

Oxygen will lx* 21 0 X 32 00 = 072.0 

Nitrogen will he 78 0 X 28 02 — 2,185 0 

Argon will be 1 0 X 39 88 = 39.88 

Sum 2,897.5~ 
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The weight per cent of the 

Oxygiin will be X 100 = 23.2 per cent 

1 .0 

9 1 

Nitrogen will be o’on^ X 100 = 75.5 per cent 
2 , 097 ..) 

OQ OO 

Argon will b(i oVn'rT ^ ~ 

2 , 09/ .0 

Calculation of Mol Per Cent. — Tlie r(‘ verso ealeulalioii, the 
conversion of weight per cent to mol or volume pc'r cent is shown 
as follows: 

What is the mol per c('nt of the acetone and ethyl alcohol in a 
vapor containing equal parts by weight, of each? 

Molecular weight of alcohol {C 2 H 6 OH) = 46.06 
Mol(‘cular weight of acetone ((CH;02(K)) = 58.07 

If 100 parts of the mixture is used, the mols of each vapor will be 
r.n 

= 1.110 inols alcohol 

46.06 

50 

58l)7 ~ acetone 

Sum 070" 

Mol per cent alcohol = ^ P^^ 

Mol per cent acetone = X 100 = 43.7 per cent 
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SOLUTIONS 

Clapeyron Equation. — It was shown that whore a pure liquid 
is in contaot with its vai)()r, the vapor pressiin^ of the liquid is 
fixed at any j 2 ;iven toinporatur(\ The change of the vapor pres- 
sure with the temperature is shown exactly t)y the Clapeyron 
equation, which may be dev^eloped thermodynamically: 

== 

(If (V - V,)T 

where clp/dT is the change in pressur(‘ with the temperature, L is 
the latent heat of vaporization of 1 mol of the liquid, V is the 
volume of one mol of the vapor, Fo the volume^ of 1 mol of the 
liquid, and T the absolute t.cunperature at wliic^h vaporization 
takes plac'e. 

The heat of va}M)rization changes with the temperature but 
not rapidly; and for small temperature ranges, it is possible to 
consider L a constant. Also, PV = NRT may be considered to 
hold for moderate pressures, and Fo is usually very small com- 
pared with F, so that F — Fo practically ecjiials F. 

Approximate Clapeyron Equation. — Making use of these 
approximations, the Clap(‘yron equation may be written 

dp _ L 

di RT^Ip 

which when integrated betw(‘(m limits gives 



where In represents Napierian logarithms or log^ and log^ — 
logio X 2.303. 

Benzene. — An example of the use of this equation is given for 
benzene, CeHe, which boils at 80.36''C. under 760 mm. pressure 
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aiul whose la<(‘iii iK^at of vnpori/at ioii iit that tenijx'rat ur(‘ is 
7,250 vi\\. ])(‘r j;Tani mol. When L is measured in ('alori(\s, R 
must ])(' used in ('orr(‘sj)()iidinj>- units, aud it has th(‘ value 1.98(S5 
(1.99) 

?>2 _ 7,250/ 1 _ J^\ 

760 1.99 \278.1 + 80.36 tJ 


Pressure in 

Teinjx^niture 

(higrees (A^ntigracle 

Diffenmce, 

millimeters 

()l)S(‘rv(Ml 

('aleulatefl 

tlegnu^s 

IHl 

40 0 

37 5 

-2.5 

389 

00.0 

50 0 

-1.0 

7m 

80.30 

1 


1,748 

i 110.0 

!' 111.1 

+ 1.1 

3,520 

140 0 

142 3 

+2.3 


A table giving vahH\s of th(‘ latent luait of vai)()rizalion of tli(‘ 
more eoinmoii volatile' licpiids will be found in the' Appendix 
(Table 11). 

It is possible to obtain a elosc'r ap])roximalioii of the' true vapor- 
I)ressun‘ (*iuw(‘ of a liquid by (‘xj)ressiiig L as a function of the 
temperature : 

/> = a + 57' + cT- + etc. 

The approximate Cla])(‘yron (xjuation then ])e(*omes 

dp/p ^ a + hT + cir + ete. 
dt RT^ 

dp/p _ a I ^ I c 

dV ~ RT 7e 

which when integrated has tlu' form 

In p = ^ In T + j^T + constant 

An example of the use' of tins type of formula is the Marks 
equation, for steam: 

4 873 71 

logiop = 10.515354 - _ 0.004050967' + 


0.000001392964 7'2 
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where p and T are expressed in ])OLiiids per scpiare inch and 
degrees Fahrenheit ai)soliite (degrees Rankine) respectively. 
It must be realizcnl that tliis tyjK* of (‘quation is wliolly an 
empirical one, since' it is based on aJi empirical relation between 
L and T, 

Raoult’s Law." -The introdiK'tion of a dissolve'd sul)stance or 
solute into a volatile' liepiid lowers the \a])or ))ressure of the 
liquid if the solute is nonvolatile or lowers the partial vapor 
pressure of the solvent if the' solute' is ve)latile. It has be'en 
fecund that the^ vapejr-pre'ssure' le)we'ring fe)r ieleal se>lutie)ns is 
proportional to the mol fraedioii e>f the' elisse)lve'd substance, anel 
the^ relation may be' ex])re‘ssed by the equation 

p = piP*() 

whe're p is the ])artial vape)r })re'ssure‘ e)f the se)lvent, po is the 
vapor pre'ssure of the ])ure' se)lvent, anei Xo is the mol frae*tion 
of the se)lve'nt in the' mixture. This is kne)wn as Raoult’s law 
of vapor-piessure' le)wering. It. can ])e pre'elicted qualitatively 
from the phase rule', sine*e the^ aeldition of another substane*e to 
a pure liepnel make's a t we)-e*e)nipe)ne'nt syst e'ln, anei it is, therefore, 
necessary to fix tlie e*om])e)sitie)n e)f the' lie]uid (or the va])or) as 
well as the temperature', in e)rde'r to fix the vapor pre^ssure'. 

Vapor Pressure of Sugar Solution. -Fe)r e'xample', the A'ape)r 
pressure of a 10 ])er e*e'Tit, cane'-sugar solution in water at 100°C. 
is calculatoel as fe)lle)ws: 


Me)le'e*ular weight e)f water == 18 

Me)le'e*ular we'ight. e)f sugar = 342 


0.10 

342 


= 0.000292 


0.90 

18 


= 0.050 


Sum 0.050292 


Mol fraction of the sugar = 


0.000292 

0.050292 


= 0.00580 


Mol fraction of the water = 1. — 0.00580 = 0.9942 
The vapor pre\ssure e)f pure^ wate'r at 100°C. — 760 mm. 


Therefore vapor pressure e)f the^ 10 pe'r e’ent sugar se)lutie)n woulel 
be 0.9942 X 760 = 756 mm. This example for the case of a 
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nonvolatile material dissolved in a volatile solvent is similar 
to the case of a volatile material dissolved in a volatile solvent, 
the only difference being that the partial pressure of the solvent 
and not the total vapor pressure of the mixture must be taken 
into consideration. For instance, in order to calculate the partial 
pressure of benzene over a mixture containing 5 per cent by 
weight of toluene in the benzene at 80°C., a similar method is 
used. The molecular weight of benzene is 78.1, and the molecu- 
lar w^eight of toluene is 92.1. In 100 parts by weight of the 
mixture there will be 5/92.1 = 0.0543 mol of toluene and 
95/78.1 = 1.216 mols of benzene. The total number of inols 
present in 100 parts of the mixture is 1.270. 

The mol fraction of the toluene = 0.0543/1.270 — 0.0427 

The mol fraction of the benzene = 1.0 — 0.0427 == 0.9573 

The vapor pressure of pure benzene at 80°C. is 753.6 mm. 
Therefore, the partial pressure of benzene over this mixture will 
be 753.6 X 0.9573 = 721.5 mm. 

Limits of Raoult’s Law. — The use of Raou]t^s law for the pur- 
pose of calculating the partial pressure of the solvent in any 
solution is limited in application to dilute solut ions, usually of less 
than 5 mol per cent dissolved solute. In some cases, how^ever, 
as for instance the case of mixtures of benzene and toluene, 
Raoult’s law applies to (considerably higher concentrations, while 
in others, such as mixtures of alccohol and water, Raoult’s law 
practically does not hold at all. Furthermore, if the dissolved 
material is an electrolyte, such as an acid, an alkali, or a salt, 
which is ionized in solution, the vapor-pressure lowering is 
increased, depending upon the degree of ionization of the dis- 
solved material. For instance, a solution of acetic acid and 
w^ater will conduct electricity, indicating that the acetic acid is 
ionized to a certain extent. Experiments have shown that dilute 
acetic acid of a strength approximately one-tenth of a molecular 
weight per 1,000 g. of water, that is, 6 g. of acetic acid in 1,000 g. 
of water, is ionized approximately 1.34 per cent at 25°C. The 
vapor-pressure lowering of the water in a solution of this con- 
(rentration, therefore, will be increased by 1.34 per cent over 
th(i low^ering which would b(* calculated from the molal concentra- 
tion of the acetic acid if it were not ionized. Thus, the equivalent 
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iiiim})er of moLs of acolir acid })rcs(‘iit io this solution would be 
1.0134 X ‘ 1 0 nioJs ill 55.5 niols of wal(T. Since' tlie vapor 
])ressurc of pun' wati'r at 25‘^^C. is 23.55 nun., the vapor-pressiinj 
lowering would be 


23.55 X 0.10134 
55.5 + 0.10134 


0.429 mm. 


The partial pressure of the water vapor, therefore, over this 
solution would be 23.55 — 0.429 = 23.12 mm. 

Henry’s Law. — There is another rule for solutions known as 
Henry’s law which states that, the ])artial pressure over the 
mixture of a volatile solute dissolved in a solvent is proportional 
to the mol fraedion of the solute in the mixtun', or 


p = ax 

where p is the partial jiressure of the dissolved substance, x is 
the mol fract ion of the dissolved substanee in the mixture, and a is 
a constant. If th(^ (*onstant a has the same value as the vapor 
pressure of tlie pure solute at the same temi)erature, the equation 
becomes the expression for Raoult’s law which is, therefore, a 
limiting case of Hc'ury’s law. It is not common, however, for 
a mixture of two volatile mab^rials to follow Raoult’s law through- 
out the (uitire range of compositions. Therefore, the constant 
a is usually different from po, the vapor pn'ssure of the pure 
material. In the case of benzene and toluene, for instance, 
a is prac'tically equal to po, and the partial pressure of the 
dissolved substances j)resent in the smaller proportion can be 
calculated from Raoult’s law with considerable precision. Thus, 
in the case cited above, 5 i>er cent by weight solution of toluene in 
benzene, it was notesd that tins mol fract ion of toluene was 0.0427. 
Therefore, if the vapor pressure of pure toluesne at this tempera- 
ture be multiplied by this figure, the partial i)ressure of toluene' 
in the vapor above this mixture will be obtained. The vapor 
pressure of pure toluene at SO'’ is 291 mm., giving a partial pres- 
sure of the toluene of 12.4 mm. The total vapor pressure of the 
liquid, which is the sum of the partial pressures of the two compo- 
nents, will be the sum of the partial pressures of the benzene and 
toluene, or 735.9 mm. 
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Partial Pressure of Ammonia over Water. — In most easels, 
however, the (Constant a is not ecjiial to po, and it is necessary t.o 
determine exp('rimentally the value oF a at. any j 2 ;iven tempera- 
ture. This has been done tor a large mimb('r of mixtures. For 
instance, the partial pressure of ammonia, NHs, abo\'e an aqueous 
solution of ammonia containing one molecular weight, 17 g., per 
1,000 g. of water at 25° is 13.47 mm. 

In the expression p — ax, p = 13.47 mrn. 


X 


1 + 


1 

1,000 

18 


0.018 


The value of the constant a, therefore, is 13.47/0.018 = 748. 

Using this value of a, it w'ould be possible to cahuilate by 
Henry’s law the partial j)n^ssin*e of ammonia over a 0.5 M 
solution at the same temf)erature. 

" = X l,.Kl(f/lS = « ” 

The experimentally det.ermiiuxl value for this stnmgth is 6.65. 
In the same way, the partial pressure of ammonia over a 0.25 M 
solution would be 3,37 mm., and the expc^rimentally determined 
figure is 3.32 mm. 

Chemical Combinations. — The foregoing figures indicate the 
reliability of Henry^s law and its applicatioii to very dilute 
ammonia solutions. It should be noted, how(W(‘r, that, ammonia 
combines with waU^r to form ammonium hydroxide according to 
the reaction NH3 + HoO = NH4OH. It should be expected 
from this equation that the more dilute the solution of ammonia 
the greater the proportion of ammonia in the solution that will be 
present in the form of NH4OH rather than NH3. In other words, 
where a volatile material combines (diemically with the solvent, 
the vapor pressure of the volatile material will tend to be less than 
that calculated from Raoult’s law, and the divergence will be 
greater the more dilute the solution. It is, therefore, safe to 
use Henry\s law only for dilute solutions. 

Lixnits of Henry’s Law. — Where the volatile materials do not 
combine chemically, as in the case of mixtures of benzene and 
toluene, Henry^s law will be found to apply nearly exactly over a 
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fairly wide range of eoncent rations. In gcairral, however, its 
range of accuracy has an u])i)er limit of somewhen' hetwecai 
5 and 10 mol per c(mt of the dissolved sul)stan(‘(\ 

It will be se('n, therefore, that Raoiilt’s law and Henry’s law 
apply for very gn^at and very small conc'cntrations, respectively. 
For intermediate comaaitrations, how(*ver, there are no physical 
laws that are applit^able, and recourse must, be had to experi- 
mentally Metermiiu'd data. It is possible, in some cases, to 
derive equations that fit the data very closely between the two 
extremes covered by Raoult’s and Henry’s laws. These equa- 
tions are frequently of considerable value in vapor-pressure 
calculations. 

The Duhcm equation 

d In P\ _ _l — X 
(I In p 2 . X 

is the best known of these e(|uations. In it, pi and are the 
partial pressures of the more and of th(' less volatile components, 
respectively, and x is the mol fractioj] of the former in the liquid 
phase. 
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CONCENTRATED SOLUTIONS 

Mixtures of certain liquids, esp(*cially mixtun's of substanc(*s 
that are closely related chemically, e.g., substanc(N in the same 
homologous series, as benzene and toluene, follow Raoult’s law 
very closely, so closely, in fact, that it is possible to derive the 
boiling-point curve of such mixtures from Raoult’s and Dalton’s 
laws with a very small percentage of error. 

Vapor-pressure Curves for Benzene -toluene. — Figure 13 shows 
the vapor-pressur(‘ (*urves of benzene and toluene betw(‘en the 
temperatures of 60 and 110°C. It is possible to derive empiri- 
cal equations based on the Clapeyroii equation which will repre- 
sent these vapor-pressure curves very (*losely. 

The diagram in Fig. 14 shows the total pressure and partial 
pressure of benzene-toluene mixtures at diffc'nait temperatur(\s. 
For instance, the vapor pressure of pure benzene' at 100°C. is 
1,344 mm. The vapor pressure of pure toluene at 100°C. 
is 560 mm. On the diagram on Fig. 14, the vapor pressures 
in millimeters are plotted as ordinates, and the mol percentages 
of benzene are plotted as abscissas. (A mixture' containing 30 mol 
per cenit benzene is a mixture of 30 mole'euilar weights e)f benzene 
and 70 molecular wenghts of toluenie. Zero mol per cent benizene 
is equal to 100 mol per erent toluene.) The pre\ssure of pure 
toluene, therefe^re, is plotted on the ledVhand side e)f the diagram, 
anel the pressure of pure benzene is plotted on the right-hand side 
of the diagram, and a straight line AB is drawn connecting 
these two pressures. A straight line is also drawn connecting 
the vapor pressure of pure toluene with a point representing 
0 mol per cent toluene and 0 mm. pressure, shown by the dotted 
line AC. In the same way, a line BD is drawn connecting 
the vapor pressure of pure benzene and the point representing 
0 per cent pure benzene and 0 mm. pressure. From Raoult^s 
law, any point on the line AC represents the partial pressure of 
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toliK‘iie ill a mixture of benzene and toluene for any given compo- 
sition. Thus, a solution containing 50 mol per cent toluene will 
have a partial pressure for the toluene of 280 mm. In the same 
way, DB represents the partial pressures of benzene in the same 



mixture, and a mixture containing 50 mol per cent of benzene will 
have a partial pressure for the benzene of 673 mm. 

Since the total pressure on the system is the sum of the indi- 
vidual partial pressures, the total pressure above such a mixture 
at 100°C. will be the sum of the two partial pressures, or 953 mm. 
This total pressure is shown graphically by the straight line AB. 
In the same way, the total pressures and partial pressures of 



0 10 20 30 40 50 60 TO 80 90 rOO 

Mol Per Cent Benzene 

Fig. 14. — Partial-pressure curves of benzene-toluene mixtures. 

benzene can be obtained by subtracting from the total pressure 
the partial pressure of the toluene, lines of which are indicated. 

Distillation of Benzene -toluene Mixtures. — Suppose, now, 
that the distillation of a benzene-toluene mixture is being con- 
ducted at a total pressure of 760 mm. The pressure correspond- 
ing to 760 mm. is indicated on Fig. 14, and it will be noted that 
it cuts the total-pressure line at 110.4°C. at 0 mol per cent 
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beiizeiir, at 100°C. at 26 mol per cent benzene, and at 9()T. at 58 
mol per cent benzene. 

In other words, mixtures of these three compositions will have 
a total pressure of 760 mm. at the respective^ temperatures. 
Thus, these mixtures will boil at these temperatures uiuh^r an 
external pressure of 760 mm. 

Boiling-point Curve for Benzene -toluene. — Figure 15 shows 
the boiling-point curve of benzene-toluene mixt ures at 760 mm. 
pressure, constructed from these data. Sev('ral intermediate 



ri(i. 15 . — Hoilinp-poini curve for beiizene-toliiono mixturea. 


})oints have been taken in order to determine the curve exactly. 
This boiling-point curve is indicated by the line ACB^ where mol 
per cents benzene are plotted as abscissas, as before, and tempera- 
tures in degrees centigrade are plotted as ordinates. This 
diagram is one of constant pressure and corresponds exactly 
to the phase-rule diagram discussed previously. Any point on 
the line ACB, therefore, indicates the boiling point of that 
composition at 760 mm. pressure. The partial pressure of 
toluene at 100*^ over a liquid boiling at this temperature at 
760 mm. is found to be 415 mm., as determined by the intersection 
of the dotted line EF (Fig. 14) with the partial-pressure line AC\ 
point E being taken where the chosen temperature cuts the total- 
pressure line, 760 mm. This means that over a solution con- 
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taiuiiig 25.7 mol per cent of bcnzouc, at ilie partial 

pressun^ of tolueno is 415 mm. Then'fore, ( he })artial pn^ssure of 
the benzene will be the difference of 760 and 415 Jiim., or 345 mm. 
Since the mol fraction of substances in the vapor state is pro- 
portional to the partial pressure, the mol fraction of toluene in 
the vapor above this solution will be equal to 415/760 = 0.546. 
In the same way, the mol fraction of toluene in th(‘ vapor above 
a number of solutions of thes(^ tw^o substances whi(‘h boil at 
760 mm. pressure can be determined, and some are tabulated in 
the following table. 


Temperature 

Composition of 
the liquid i 

i 

; Partial pressure 

1 of toluene 

j 

! Mol fraction 
of toluene 

105 

12.5 

567 i 

0.746 

100 

25.7 

415 

0.546 

95 

40.3 

285 

0.375 

90 

58. 

173 

0.228 

85 

77. 

1 

85 i 

0.112 


Vapor-composition Curve. — It is now possible to construct, 
a curve showing the composition of the vapor in equilibrium with 
any mixture of benzene and toluene boiling at 760 mm. pressure, 
and such a curve will be found to have the form ADB in Fig. 15. 
The two curves meet at two points A and B, the boiling points of 
toluene and benzene, respectively. Therefore, the point E on the 
liquid line ACB indicates that a mixture containing 26.5 mol per 
cent of benzene will boil at 99.7‘^C. at 760 mm. pressure, and the 
vapor in equilibrium with it will have the composition indicated 
by the point F at this temperature, or 46.5 mol per cent benzene. 
As was pointed out before, if such a vapor were condensed, it 
would boil at a temperature corresponding to the point G and 
would itself produce a vapor at some temperature corresponding 
with the point H. The relative ease of separating mixtures of 
benzene and toluene by fractional distillation, therefore, may be 
indicated by the number of steps that would be required to pass 
from near the point A, pure toluene, to near the point B^ pure 
benzene. It is obvious, of course^ that it is impossible to produce 
absolutely pure A and B by such a process. 
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Effect of Pressure. — Mixtures of volatile liquids do not, as a 
rule, follow Raoult’s and Dalton^s laws completely, and the 
variations are very irregular. Even mixtures that do conform 
satisfactorily at low pressures are found to deviate quite widely 
at high pressures, largely because of the failure of the vapor to 
obey the gas laws. This is particularly important in petrol- 
(^um work where high-pressure operations are used in stabili- 



Fig. 10, — Effect of pressure on vapor-liquid equilibriums. 

zatioii, absorption, natural-gasoline manufacture, and similar 
operations. 

In general, as tlic' temperature (or pressure) is increased, the 
relative volatility decreases. This is most clearly brought out 
by plotting y-x curves, t.c., the mol fraction of the light com- 
ponent ill the vapor vs. the mol fraction of the light component 
in the liquid. Figure 16 is a y-x plot for n-C 4 Hio ^ n-CoHn based 
on the data of Cummings.^ At a given liquid composition, the 
mol fraction of n-C 4 in the vapor decreases as the pressure 
increases. This decrease makes it more difficult to separate 
the conijionents by distillation. Altliough an increase of pressure 
makes the separation more difficuilt, it makers the condensa- 
^ Cummings, Sc. D. thesis in Chemical Engineering, M.I.T., 1933. 
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tion of the overhead vapor much easier, and for this reason pres- 
sure is commonly used in the distillation of low-boiling materials 
which would be difficult or impossible to condense at low pressure 
without the use of refrigeration. In Fig. 16, it is noted that the 
curves for 33.5 and 36.5 atm. do not cover the whole region. 
This is due to the fact that 33.5 atm. is above the critical pressures 
of all mixtures containing less than 23 per cent butane, and in 
this region only one phase is present. Mixtures with more than 
23 per cent butane are below their critical pressure at 33.5 atm., 
and two phases of different composition are possible. Separa- 
tion by distillation is possible only within the limits of the two- 
phase region. As the i)ressure is increased, the two-phase region 
decreases until at pressures higher than the maximum critical 
pressure of butane-hexane mixtures only one phase is possible 
for all compositions, and separation by distillation is no longer 
possible. It has been found possible largely to correct for these 
deviations due to pressure by the use of fugacities based on 
fi charts (see j)age 28).' Such corrections are best expressed 
as the relation between the mol fraction of a component in the 
vapor y and the mol fraction in the liquid x, 

y == Kx 

where K is the equilibrium constant. The table on pages 45 and 
46 contains values of K for the lower hydrocarbons. 

It should be emphasized that these K values bec^orne unsatis- 
factory at pressures approaching the critical pressure of the 
mixture, since in this region the K values for a given component 
are a function not only of the temperature and pressure but also 
of the other components present. Experimental data on various 
mixtures agree satisfactorily with these K values up to about 
350 lb. per square inch, but at pressures higher than this the 
deviations become large. 

MjEwis and Luke, Ind. Eng. Chem.y 25, 725 (1933). 
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K Values 


Absolute pressures, atmospheres 


Temperature, 

degrees 

F ahrenheit 

1 

5 

10 

20 

50 

CH4 

20 

114 

23.0 

11.5 

6.00 

2.60 

200 

305 

61.0 

32.0 

15.5 

6.30 

400 

580 

116 

.58.0 

29 0 

12.0 

600 

850 

170 

85.0 

43.0 

17.5 



CzH 

4 



20 

24.5 

.5,10 

2.60 

1 44 

0.840 

200 

103 

20.5 

10.4 

5.30 

2 . 35 . 

400 

265 

54 . 0 

27.0 

14 0 

5.60 

600 

510 

102 

51 .0 

25.5 

10.4 



C2H 




20 

16.0 

3.30 

1.75 

1.00 

0.660 

200 

71.0 

14.5 

7.40 

3.80 

1 . 75 

400 

195 

40.0 

20.0 

10.0 

4.30 

600 

380 

77.0 

39.0 

19.5 

8.00 

C3H6 

20 

4.50 

0,9.50 

0.540 

0.340 

0.260 

200 

30.0 

G.20 1 

3.20 

1 . 76 

0.980 

400 

100 

20.0 

10.0 I 

5 . 20 

2.30 

600 

215 

43.0 

22.0 j 

11.0 

4.70 


CaHs 


20 

3.70 

0.800 

0.450 

0.290 

0.235 

200 

25.0 

5.20 

2.75 

1.52 

0.850 

400 

85.0 

17.0 

8.80 

4.50 

2.00 

600 

185 

37.0 

18.6 

9.40 

4.10 

n-C4Hio 

20 

0.810 

0.190 

0.110 

0.074 

0.078 

200 

10.5 

2.25 . 

1.25 

0.770 

0.610 

400 

43.0 

8.80 

4.50 

2 40 

1 .25 

600 

(110) 

22.0 

11.0 

5.60 

2.50 
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K Values. — {Continued) 


Absolute pressures, atmospheres 


Temperature, 

degrees 

1 

5 

10 

20 

50 

Fahrenheit 







i-CbH.o 


20 

1.20 

0.280 

0.102 

0.110 

I 0.110 

200 

13.0 

2.80 

1 . 52 

0.910 

0 . 670 

400 

ol .0 

10.5 

5.30 

2.85 

1 . 36 

600 

125 

25.5 

13.0 

6.60 

2.85 


n-06Hi2 


20 

0.175 

0.042 I 

0.026 

0.018 

0 022 

200 

4.30 

0 960 ' 

0.550 

0.360 

0.345 

400 1 

22.5 

4 . 75 

2 50 

1 42 

0.800 

600 

65.0 

13.4 

6.90 

3 . 60 j 

1.70 


i-CfiHn 


20 

0.255 

0.061 

0.037 

0 . 026 

0 . 032 

200 

5 . 20 

1 . 15 

0.650 

0 . 425 

0 4(K) 

400 

25.5 

5.40 

2 . 75 

1 . 55 

0 . 940 

600 

69.0 

14.0 

7.00 

3.70 

1 .72 


n-CeHu 


20 

0.040 

0.010 

0.0064 

1 

0.0047 

0.008 

200 

1.85 

0.430 

0.255 

0.180 1 

0.215 

400 

13.6 

2.90 

1.60 

0 . 980 

0 770 

600 

42.0 

i 8.60 

1 4.40 

. 2.40 1 

1 .30 


n-CrHifi 


20 

0.010 

0.0025 1 

0.0017 

0.0013 

0,003 

200 

0.830 

0.195 

0.120 

0.089 j 

0.140 

400 

8.40 

1 .80 

1 .00 

0 . 670 

0 . 670 

600 

29.0 

6.10 

3.15 

1 . 75 

1 .05 


n-CgHia 


20 

200 

0.390 

0 094 

0.060 

0.042 

! 0.094 

400 

5 . 30 

1 .15 

0.670 

0.470 

0 570 

600 

19.5 

4.15 

2.25 

1 .30 

0.910 
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SIMPLE DISTILLATION AND PARTIAL CONDENSATION 

If a mixture of two volatile liquids is distilled, the distillate 
contains a greater proportion of the more volatile material than 
the residue; and as the distillation proc^ecds, both distillate and 
residue b(^come poorer in the more volatile component. This 
(change in composition may be estimated quantitatively if the 
relation of the composition of the vapor to that of the licpiid in 
equilibrium with it is known. As has bc^en indic;ated above, 
the theoretical relations are usually difficult to handle, and 
empirically determined relations are frequently of value. 

The Distillation Equation. — Starting with W parts of a mixture 
of A and B, containing a parts of A andflT — d, parts of B, the 
composition of the liquid x will be ajW with respect to A, and 
the composition of the vapor will be some function of the compo- 
sition of the liquid F(a/TT), or y. Allow a differential amount 
dW of the mixture containing a differential amount of A, da to 
be evaporated; there will remain as a residue W -- dW parts 
of mixture containing a — da i^arts of A, and the composition 
of the distillate will be da/dW. Therefore y = da/dW, or 
y == d(Wx)/dW, Simplifying this equation as follows: 

Wdx + xdW 
dW ^ 


Wdx 



The solution of the problem requiring the value for W when 
the composition of the liquid has reached the value x can then 
be found by evaluating this integrated equation. In order to do 
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this there are several methods which may he followed. First, for 
small temperature and composition ranf::es the n^atiou hetw(;en 
the vapor and liquid may be approximately represented by a 
straight line, or y — cx, where c is some constant. 

^ W _ dx __ dx __ 1 1 ar 

w, - ^ Jvo:r:(c - T) 

clearing of logarithms 



Acetic Acid-Water. — The following data were taken from Lord 
Rayleigh/ giving the relation between the liquid and the vapor 
for mixtures of acetic acid and water. 


Composition of 

Composition of 


a 

liquid X 

vapor y 


*1 J * ' ' “ . 'L 

L<. in.. 



0.0677 

0.0510 

0.75 

1.35 

0.1458 

0.1136 



0.2682 

0.2035 

0.76 

1.43 

0.3746 

0.2810 



0.4998 

0.3849 

0.77 

1.60 

0.6156 

0.4907 



0.7227 

0.6045 

0.84 

1.70 

0.8166 

0.7306 



0.9070 

0.8022 

i 

0.95 

1 . 56 


This indicates that for values of x up to 50 per cent for acetic 
acid, such a procedure is safe. This was shown by an experiment 
as follows: 


TFo = 1,010 g. xo = 0.0757 (7.57 per cent) 

' W = 254 g. Assume c — 0.75 

/ OfiA \ 0 76-1 

\im) = 0:0757 ^ = 0.107 (10.7 per cent) 

The actual experiment showed x = 0.110 (11.0 per cent), which 
indicates the reliability of this method. 

^Phil. Mag.f p. 534, 1904. 
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Another method consists in finding an empirical equation 
for y. Construct a diagram as in Fig. 17, with composition of 
the liquid as abscissas and composition of the vapor as ordinates, 
and construct a curve OA from the data as given in the preceding 
table. The straight line OB represents the y — 0.75x as used 
above. The data are of such nature that it is not possible to fit 
one equation to the entire line, as it consists substantially of one 
curved and one straight section. In this particular case, the 
eciuation for the straight section will be, as before, y = 0.75j, 



17. — Liquid-vapor composition curve for acetic acid-water mixtures. 


and the curved section will have the form ?/ + « = c{x + hY 
where a, 6, c, and n are constants which can be evaluated from 
data. It will be seen, however, that such an equation would be 
difficult to handle; and where precise results are required over a 
wide range, it is better to use the third, or graphical, method. 


Construct a plot of 



as ordinates and values of x as 


abscissas, as in Fig. 18. The measurement of the area under the 
(Uirve between any two limits of x will therefore be the evaluation 


of the integral 


f 


Xi! 


dx 


and will be equal to In 


Tf2 


w. 
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A fourth method is by the use of the relative volatility which 
is defined by the equation 


Vb/xb 


— OiAB 


where aAs is the relative volatility of component A to component 
B. For a large number of mixtures, the variation of a with 




composition is small, and an average value may be employc^d. 
For a binary mixture, the expression can be changed to 


_ 

“ iTla - 1)xa 
The use of this equation gives 



dx 
ax 

1 , 3^1 — Xq) 

a — 1 ^ .^0(1 — x ) 



— X 

+ ln 


(1 — Xq) 
(1 -X) 


Using a = 1.35 in the same example gives x = 0.115. 

Simple Condensation. — The relation between the weight of a 
mixture distilled and its composition derived above was based 
on tlie' assumption that the portion distilled was removed from 
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contact with tlio liquid imiiHuliatt^ly, so that equilibrium could 
not be established afbTward. It is possible to eondenst! vapor 
in the same way, nunoving the condensate from contact with it 
as rapidly as it is formed. Analysis of this process leads to 
shriilar equation for the relation between the conq)osition of the 
vapor and the weight condens('d: 

1 ,^ = _ 

H/o Jy,y “ X 

where W reprcisent.s the weight of the vapor, and y and x t.he 
compositions of tlie vapor and condensate, respectively. 

Partial Condensation. — If a still operates with a ))artial con- 
denser and a final cond(mser, so that the vapor condensed in the 
partial condenser returns to the still as reflux, a certain amount of 
rectification is obtained without the aid of a rectifying column. 

As an example of the application of this m(‘thod to a specifics 
case, consider an apparatus as indic^ated diagrammatically in 
Fig. 84 (page 199), which represents a distilling apparatus for 
use in the stabilization of absorption naphtha. 

In one test, the mol fractions given in the first two columns 
of the following table were obtained when oi)erating at a pressures 
of 254 lb. per squares inch absolute with a t('mi)erature of 117®F. 
in the reflux drum. 


Mol Frac’tion 


Ckiniponent 

Itosiduc Ka.s at 

li 

Liejuid reflux at 

A — X 

i 

Xchl y I I^ 

CH 4 

0.053 

0.007 

12 

0 0044 

C 2 H 4 

0 on 

1 0.002 

1 3.6 

0.003 

ChHr. 

0.146 

0.0618 

1 2.55 

0 057 

CM, 

0.140 

0.12 

1.05 

0.V33 

CMh 

0.537 

1 0.580 

0.91 

i 0 572 

i-(h 

0.081 

1 0.160 

0.50 

0.162 

n-C4 

0.032 

* 0.069 

0.40 

0.080 


* Values of K estimated from page 46 for a pressure of 17.3 atm. and 117®!*. 


The composition of the liquid in equilibrium with the residue 
gas can be calculated by the use of the vapor-liquid equilibrium 
values given on pages 45 and 46. The values of K obtained 
from this table by interpolation at 17.3 atm. and 117°F . are given 
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ill the third column of the preceding tabh'. Since K is equal to 
.///x, the mol fraction in the liquid is calculated by dividing th(^ 
mol fraction in t he vapor y by the equilibrium t^onstant. Values 
of the mol fraction in the liquid calculated in this manner are 
given in the fourth column of this table. These values are seen 
to be in good agreement with the measured values given in the 
second column. The close agreement indicates reliability of the 
experinKuital data and the applicability of the vapor-liquid 
equilibrium constants to this system. 

The reboiler used in this same test was of the cross-flow type 
in which the vapor evolved would be swept away and not react 
to any extent with the remaining liquid. This type of operation 
should approximate simple distillation instead of partial equi- 
librium vaporization. 

The test data gave the compositions given in the first two 
columns of the following table. 


Mol Fraction 


1 

1 

Component 

Liquid from 
column = Xo 

! 1 

Residue from 
reboiler — x 

K 

1 


1 K - 1 

Ca 

0.0008 

0.0009 




c. 

0.661 

0.481 

1.34 

3.06 

0.38,5 


0.243 

0.331 

0.66 i 

-3.06 

0.387 

Co 4" 

0.0945 

0.187 

0.314 

-1.46 

0.368 


Since the percentage of the original stock vaporized is fixed, 

1 

the equation given on page 47 indicates that (x/xo)^~^ should 
be constant and equal to the fraction un vaporized. The Cs 
fraction was not considered owing to its being so small in amount 
that slight errors in analysis would lead to large errors in the 
calculations. For the C4 and C6+ fractions, averaged constants 
weighted for the portion of the various constituents that they 
contained were used; thus for the Ced- fraction, Gunness indicates 
that it was 72 mol per cent Ce and 28 per cent higher than Ce; 
the vapor-liquid equilibrium constant was obtained by taking 
72 per cent of the constant for C« plus 28 per cent of the constant 
for C7 (0.72 X 0.35 + 0.28 X 0.22 = 0.314). 




CHAPTER IX 


AMMONIA 

The problem of maiiufa(;ture of piir(‘ auliydrous ammonia 
from crude ammonia liquor obtained from gasworks is one of th(‘ 
most interesting and also complicated problems with which the 
distillation engineer has to deal. 

Sources of Ammonia Impurities. — Crude ammonia obtained 
from the destructive distillation of coal contains, besides ammonia 
and water, a large number of other impurities consisting chiefly of 
compounds of carbon, sulphur, and nitrogen. These impurities 
are frequently combined together in the form of such compounds 
as ammonium sulphide, ammonium carbonate, ammonium (cya- 
nide, sulphur combinations of the foregoing, and various organic 
nitrogen compounds such as pyridene bases and other objection- 
able-smelling substances of this type. There is a certain amount 
of tarry matter of the general nature of coal tar present in tlu' 
crude-ammonia licpior. Part of the ammonia in the crude liquor 
is present as free ammonia, or ammonium hydroxide which can bt‘ 
completely removed from the solution by boiling while the bal- 
ance of the ammonia may be present as so-called fixed ammonia, 
i.e., combined with some of the other substances in such a 
way that some treatment more vigorous than boiling is necessary 
to drive it out of solution. Most of the organics nitrogen com- 
pounds are in this (dass, it being usually necessary where these 
are abundant to combine with the boiling the action of a strong- 
base, together with reducing agents of a suitable sort. In gen- 
eral, however, the process of recovering all of the ammonia from 
the crude liquor consists of boiling the liquor in the presence of 
milk of lime which decomposes most of the fixed nitrogen com- 
pounds in such a way that practically all of the nitrogen available 
is driven off as ammonia. A part of the impurities present in 
the solution, however, are volatile and are driven off with the 
ammonia during this process, and the equipment required to 
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produce pure anhydrous ammonia, therefore, must have pro- 
vision for the removal of these impurities which may be classcnl 
for practical purposes as hydrogen sulphid(% carbon dioxide, pyri- 
dene, and tar. The hydrogen sulphide and carbon dioxide ar(‘ 
usually present in the liquor as ammonium sulphide and ammo- 
nium carbonate. Both of these compounds, however, are 
stable only at low temperatures and decompose at the boiling 
temperature, giving off, in the vapor, hydrogen sulphide, carbon 
dioxide, and ammonia. It is also true that the hydrogen sul[)hid(‘ 
and carbon dioxide are less soluble in water than the ammonia. 
Therefore, at any given temperature the partial pressure of th(' 
hydrogen sulphide and carbon dioxide in the vapor phase in 
equilibrium with the liquor will be greater than that of the 
ammonia. By properly arranging a machine, it is ])ossiblc to 
get a fairly complete separation of the two volatile gases from 
the more soluble ammonia by control of temperature and 
concentration. 

The pyridene bases and the tarry oils which are present in 
small amounts in the ammonia can usually be removed by partial 
condensation of the vapor, where some of the oils will condense 
out and can be decanted; and by washing the vapors with some 
suitable relatively nonvolatile petroleum oil in which the pyri- 
denes are soluble and which will wash them out of the ammonia- 
water vapor. 

The bulk of the impurities having been removed by the fore- 
going methods, the last traces of the hydrogen sulphide and 
(*arbon dioxide can, usually be removed by passing the vapor 
through solutions of caustic soda which will combine with them 
and render them nonvolatile. 

The small amounts of tarry material present are usually 
removed by absorption on activated charcoal. 

Diagram of Continuous Ammonia Still. — A very large number 
of designs have been utilized for the removal of pure ammonia 
from crude liquor. In general, it has been found that the 
continuous system of distillation is the most satisfactory, and 
the accompanying diagram (Fig. 19) will give an idea of how 
this system may be utilized for this purpose. 

A represents a feed tank for feeding continuously the crude- 
ammonia liquor to the system. This liquor first is preheated by 
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means of a vapor heater B, and then it passes into the central 
portion of a continuous distilling column EF. The columns 
used in ammonia stills are quite different from those used in the 
distillation of tiie finer products such as alcohol, ether, and ace- 
tone. In th(‘ first pla(*e, all apparatus to ])e used in connection 
with ammonia must b(‘ made of steel or (*ast iron. It is therefore 
necessarily of more or less massive nature. Furthermore, owing 



to the possibility of the formation of solid ammonia compounds 
with the (;arbon dioxide and hydrogen sulphide, there is always 
the possibility of the equipment's clogging. Therefore, if the 
plate type of fractionating column is to be used, the caps are 
made large with serrated edges and little attempt is made to 
o))tain the intimacy of contact that is desired in the finer types 
of distillation equipment. 

Removal of Hydrogen Sulphide and Carbon Dioxide. — All 

parts of the ammonia system are constructed so that they may 
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be opened up for cleaning at any time, and everything is made 
as accessible as possible. The continuous column EF is divided 
into two parts, the upper part E consisting of a number of plates 
on which there are a number of coils containing cooling water, 
while the lower part F is heated by the introduction of open 
steam. The crude-ammonia liquor running down over the plates 
of the column F comes into contact with the open steam, and the 
volatile hydrogen sulphide, carbon dioxide, and ammonia are 
driven out. Since, however, the hydrogen sulphide and carbon 
dioxide ani less soluble at any given temperature than the 
ammonia, the two former are driven out more readily, and there- 
fore the vapors passing up through the upper column E contain a 
larger percentage of these gases than is found in the entering 
feed. The vapors passing up through this column come into 
contact with the cooling coils' whereby they are partially con- 
densed ; so that if the temperature at the top of the column E is 
kept sufficiently low, th(^ gases escaping from the top of the col- 
umn consist almost entirely of carbon dioxide and hydrogen sul- 
phide, and practically none of the ammonia is carried off with 
them. It is, therefore, usually customary to exhaust these gases 
directly to the atmosphere, and the loss of ammonia with them 
is very small indeed. It should be noted, however, in connection 
with these exhaust gases that both hydrogen sulphide and car- 
bon dioxide are very dang(*rous gases and should be exhausted 
outdoors at such a point that they will not be likely to collect 
and become dangerous. 

Treatment with Lime. — The liquor passing down through the 
column F and being diluted by the introduction of steam used 
for boiling then passes out through the bottom into a mixing 
tank G where it is mixed with a suitable quantity of milk of lime 
which is vsupplied from the feed tank M. The mixture of ammo- 
nia liquor with milk of lime then runs into the exhausting column 
C where it is boiled by the introduction of live steam into the 
bottom section. This lime leg, as it is called, must be designed 
so that the solid particles of calcium hydrate will find no oppor- 
tunity to become lodged on the plates of this column so that it 
would be clogged up. The column also must be made very 
accessible for cleaning on account of this danger. The ammo- 
niacal liquor in contact with the lime at the high temperature 
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is freed of all of its ammonia, which escapes from the top of the 
column through the vapor pipe as indicated, while the excess 
lime, together with the nonvolatile material, is discharged in tlu; 
sludge from the bottom of this exhausting column to the sc^wer. 

Removal of Oils. — The vapor from the lime leg passes first 
to the reflux condemser which is used as the preheater B and tlnm 
to a second reflux condenser D where it is cooled by cooling watc^r 
to a fairly low temperature. It has been found that certain oils 
which are present in the ammonia will condense out at this point 
in the purification so that the liquor discharged from the conden- 
ser D if passed through an oil decanter H will have removed 
from it a considerable portion of these insoluble compounds. 
The decanted liquor then runs back into the top of the exhausting 
(‘olumn as indicated. 

Scrubbers. — The ammoniacal vapor now freed of nearly all of 
the hydrogen sulphide and carbon dioxide and of a (‘(Ttain amount 
of oils passes into a compound washing or scrubbing tower indi- 
cated by the tower J, K, and L. This column is divided into 
three sections. In the first section J, the gas is washed by water 
whi(‘h removes from it a number of impurities whi(‘h have escaped 
l)revious purifying processes. This water, of course, (H)ming into 
contact with strong ammonia dissolves a large amount of the 
gas, and the heat of solution is such that the water would be 
raised to a higher temperature were it not for the fact that cool- 
ing coils are supi)licd on the plates of the column. The wash 
water obtained from this column then is allowed to flow back 
into the central portion of the column F as indicated so that the 
ammonia thus dissolved of the water is not lost. The gas then 
passes to the second section where it is washed by a dilute solu- 
tion of caustic soda which neutralizes all of the remaining hydro- 
gen sulphide and carbon dioxide, forming nonvolatile sodium 
carbonate and sodium sulphide, the caustic liquor being allowed 
to return to the column F together with the liquor from the water 
scrubber J. The vapor now freed from the gases passes into 
the oil scrubber L where it is washed with a suitable petroleum 
oil which dissolves out of the gas all of the soluble pyridene 
bases, thus removing all of these objectionable-smelling pyri- 
denes. The oil from this scrubber, containing but little ammo- 
nia, can be used over again, and it is therefore customary to 
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take the oil tlirough a steam-heated oil prelu^atc^r Q into an oil- 
exhausting column or oil leg <S, as indicatc^d, when' it is boiled 
by the use of open steam, driving off th(‘ i)yridene whicli is (‘on- 
densed in the condenser R, wliile the oil fr(‘('(l from })yrideiie is 
discharged from the base of the column into a cooler and oil- 
supply tank 1\ from which point the oil-feed tank 0 shown 
above is supplied. 

Removal of Water. — The vapor from the oil scrubber L now 
containing only water and a small amount of tarry impurities 
passes to a condenser P wliere it is brought into direct contact 
with brine, the brine condensing out of the ammonia gas nearly 
all of the water vapor present. The condensed product, ammo- 
nia liquor, obtained is allowed to run back through pipe lines 
indicated into the top of the exhausting column C whc're the 
ammonia is handled over again, while the gas, now practically 
water free, is allowed to pass into an ammonia tower V where it 
is brought into direct contact with lumps of solid caustics soda 
which remove from it all of the rest of the wat('r vapor down 
to the vapor pressure of water which is in equilibrium with solid 
caustic soda at that low temperature. The ammonia gas is then 
passed through one or two towers filled with activated charcoal, 
usually animal charcoal, which has the i)roperty of absorbing all 
of the tarry material present, recovering the gas escaping from 
these scrubbers, practically pure ammonia. This ammonia is 
then carried to ammonia compressors where it is compresscHl, 
cooled, and liquefied. 
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BENZOLIZED WASH OIL 

It is common in the industries to find gaseous mixtures which 
(H)ntain certain condensable vapors which must be s('parated 
from the rest of the mixture. Sucli mixture's as (‘oal gas from 
the destructive distillation of bituminous (‘oal, and gases from 
solvent recovery systems, are illustrations of this (‘lass of gases. 
In the former c.ase, there is ammonia, which is removed from the 
coal gas by washing with water or by jmssing the gas through 
sulphuric acid. Coal gas also (amtains benzene and its homo- 
logues, which can be washed out of the gas by the use of any 
relatively nonvolatile oil in which the benzene is soluble. In 
the latter (‘ase, the gases may contain such vapors as (dhyl 
alcohol which is soluble in water and may be readily washed out 
by it or such vapors as gasoline or benzol, in which case they 
can be w^ashed out by some suitable solvent, such as oil, as 
before. It is the case of the vapor that has been dissolved in the 
relatively nonvolatih^ oil that will be discusscHi. 

Light -oil Recovery. — Gas jdants that recover th(^ ‘Tight 
oir^ (benzene and its homologues) usually do so by scrubbing the 
gas in tall towers down through which the “wash oiE^ (in this 
country, wash oil is usually a petroleum oil of high boiling point) 
is allowed to pass in countercurrent contact with the ascending 
gas. The wash oil leaving the bottom of the scrubbing tower is, 
therefore, more or less saturated with the light oil at the partial 
pressure at which the gas enters the scrubber. This so-called 
benzolized wash oil must then be subjected to a process of 
fractional distillation in order to recover the light oil and to 
render the wash oil fit to be used again in the scrubbing process. 

Wash Oil. — The grade of petroleum distillate used for scrub- 
bing may be considered to have a boiling point at atmospheric 
pressure of about 300°C. In order to study the problem of 
handling this material, it is advisable to have a boiling point- 
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prejssure curve. One method of doing this where the actual 
vapor-pressure data are not available is to make use of the 
modified Clapeyron equation noted in a previous chapter: 

dp _ L 
df ~ RT^ 

which integrated gives the equation 
In p = 

For a straw petroleum oil of boiling point 300°C., L may be 
estimated as 11,750 caL, giving 


, _L lAQK 

In p = — ^ f~ 16.95 

where p is in millimeters of mercury and T is in degrees centigrade 
absolute. 

Th(^ vapor-pressure (uirvcj of benzene has been determined, 
and the relative pressures of benzene and wash oil are given 
in the following table: 


Temperature, degree.s 
Centigrade 

Vapor pressure of ben- 
zene in millimeters 

P. 

Vapor pressure of wash 
oil in millimeters 
(calculated) 

Pw 

80 

760 

1.22 

100 

1,344 

3.02 

150 

4,334 

I 19.7 

200 

10,663 

' 85.5 

250 

‘22,214 

282 . 0 

300 

40,000 

760.0 


Boiling-point Curve for Mixture of Benzol and Wash Oil. — 

It is possible, by assuming Raoult^s law to hold, to get an approxi- 
mation of the boiling-point curve of jnixtures of benzene ^.nd 
wash oil. 

Thus on the diagram (Fig. 20), the line AD represents the par- 
tial pressure of benzene in the mixture at some given temperature 
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/, and CB is that for wash oil; the line CD is the sum of the 


two partial pressures, or the total 
pressure. If x represents the 
mol fraction of the benzene in 
the mixture, the total pressure 
will be given by the equation 

P = + x{Fn - I\,) 

Thus at different temperatures 
the mol fraction of benzene in 
the mixture boiling at a given 
pressure can be calculated. The 
following table gives the results 



of such a calculation for a pressure of 760 mm.: 


T(uiip(}rature, Degnu's 
Centigrade* 

80 P = 700 = 1 . 22 -f x( 700 - 1.22) 

100 P = 700 = 3.02 +x( 1,344 - 3.02) 

150 /> = 700 - 19.7 4,334 - 19.7 ) 

200 /> = 760 = 85.5 +x(l 0,663 - 85 5 ) 

250 P = 700 - 282.0 -h x(22,214 - 282.0 ) 

300 P == 760 = 760.0 + 5-(40,000 ~ 700.0 ) 


X = 1 .000 

X = 0.563 
a; = 0.172 
X = 0.064 

X = 0.022 
X ^ 0.000 


The ])artial pressure of the beiizeiu' in tlie vapor above such 
mixtun's may then be calculated, and the mol fraction in the 
A apor i^hase. 

pH = xPb 

and 

_ Vb 

2/vttlKH P 


For the temperatures selected, the table shown at the top of 
page 62 can be thus obtained. 

Temperature-composition Diagram. — It is now possible to 
construct a temperature-composition diagram (Fig. 21) for mix- 
tures of benz(me and wash oil at 760 mm. pressure. 

ft is evident from such a diagram that the two com[)onents 
are very readily separated from eacdi other, a dilute solution of 
2 mol per cent benzene giving a vapor (*oritaining ovvv 60 mol 
per cent. Such a solution would boil at 250”C. In order to 
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Temperature, 




degrees 

Centigrade 

X liquid 

Pb 

1 y vapor 

80 

1 .000 

760 

1.000 

100 

0.563 

757 

0.997 

150 

0.172 

745 

0.981 

200 

0.064 

684 

0.899 

250 

0.022 

488 

0.642 

800 

0.000 

0 

0.000 


remove thoroughly all the heiiz(‘iie from the wash oil by boiling 
at 760 mm., the temperature must be raised to 300°C. 

Vacuum Wash-oil Still. — A still to handle wash oil at 300°C. 
would need a fire-heated kettl(‘; or else hot oil must be Tis(‘d for 
heating, since saturated steam would require^ too high a pressure, 



Fig. 21. — Boiling-point curve. Benzene wash-oil mixtures. 

and superheated steam is not a satisfactory agent for hc^ating on 
account of the high resistance to flow of heat from it to metal. 
Fire heat is, however, dangerous and is likely to decompose the oil 
in the kettle, whereas oil heating is often expensive and trouble- 
some. It is therefore advisable to operate this still under as 
high a vacuum as possible, for instance, 28 in, Hg (50 mm., 
absolute pressure) , 

The boiling point of wash oil at 50 mm. may be calculated from 
the previous equation and will be found to be 180°C. ; benzene 
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at tlu‘ same pressure boils at 12°C. However, eorre- 

sponds to 130 lb. gage steam pressure, which is still high; and, 
furthermore, in order to condense the benzene vapor, cooling- 
water below 12°C. must be available, and this is not common 
in warm weather. These difficulties can bt' avoided, howc'ver, 
l)y the use of open steam injected into the boiling mixture 
of benzene and wash oil, thus converting the system from 
oiu^ of two to one of three components. Water is pra(*tically 
insoluble in both benzene and wash oil, and there will, tlau’C'fon', 
api)ear two liquid phasc^s, thus limiting th(' degrees of frecHlom of 
th(* system to two as b(*forc, so that fixing the pressures and the 
composition of the benzenu' wash-oil pliase will fix the boiling 
temperature of the mixt ure. 

Since the water is pra(‘ti(*ally insoluble in the other two compo- 
nents, their partial ])ressures at any temperature will remain 
pra(dically unchanged, and then^fon^ the })resenc(‘ of th(‘ water or 
water vapor will have little effe(*t upon the problem of fraction- 
ation. The total pressure^ is then the sum of tlu‘ partial pressures 
of the beiizolized wash oil and the wat(‘r; and by r(‘gulating the 
amount of steam introduced, the temperature needed for opera- 
tion may be lowered the amount desired. Such a steam distilla- 
tion may be (tarried out at atmosi)heric pressunv In such case, 
the mixture of wash oil and water in the kettle of the still would 
boil at a temperature slightly less than 100°C. The vapor pass- 
ing from the fractionating column to the condenser would consist 
(‘ssentially of bcuizeiu' and water vapor at atmospheric pressure, 
and it would be necessary to cool these vapors down to a temper- 
ature somewhat below the boiling point of pure benzene in order 
to condense them. The weight of steam needed to va}:)orize a 
ix)und of benzene would be the ratio of the vapor prevssunis at 
that tem])erature times the ratio of their molecular \veights 
times the reflux ratio. 

Steam Consumption of Vacuum Stills. — The question whether 
or not the use of a vacuum-steam distillation would affect the 
ratio of water vapor to benzene vapor in the mixture of vapors 
passing to the condemser depends upon the relative changes in 
vapor pressures with the temperature. The following table will 
indicate how these vapor pressures vary. 
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Temperature, 
degrees Centigrade 

1 Water, 

^ millimeters 

Benzene, 

millimeters 

1 

Itatio B/W 
neglecting reflux 

100 

760 

1,344 

1.77 

80 

355 

754 

2.12 

60 

149 

389 

2.61 

40 

55 

ISl 

3 . 29 


It is evident from this table that if the total pressure^ is so 
regulated that the mixture of water vapor and benzeiK' vapor 
comes over at 40°C., about one-half as much steam will ])e needed 
per pound of benzene as if the steam distillation we^re carried out 
at 100°. 

There is another economy in the use of steam distillation under 
a vacuum. It is always necessary to heat the benzolized wash 
oil up to its boiling point before injecting it into the still. This 
may be partly accomplished by means of heat interchangers, 
utilizing the waste heat in the debenzolized oil, but high-pressure 
steam is always necessary to complete the preheating. It is 
obvious that the higher the vacuum at which the still operatfis 
the lower the temperature to which the oil must be heated, 
and the less the steam pressure required for siudi heating. Ther(» 
are other reasons, such as freedom from leaks outward and 
safety, that make the use of a vacuum in the wash oil still highly 
desirable. 

Diagram of Wash-oil Still. — A diagram of a vacuum wash-oil 
still operating on this principle is shown in Fig. 22. 

Benzolized wash oil is held in a constant-level feed tank A, the 
tank being under the vacuum of the still proper to insure con- 
stant rate of feed. From this tank it flows through the regulating 
valve B to the heat interchanger C where it is heated countercur- 
rent by the hot debenzolized oil issuing from the still. The par- 
tially heated oil then is heated to its boiling temperature in the 
high-pressure steam preheaters D, two of these being furnished so 
that one may be cleaned without shutting down the still. The 
hot oil then flows to the top of the exhausting column E where 
the benzol is boiled out of the wash oil by means of steam blown 
into the bottom of the column. The exhausted oil passes from 
the bottom of the column through the heat interchanger C and 
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then is pumped out against atmospheric pressure by the pump 
Fy after which it is cooled, the naphthalene being removed by 
settling, and is then ready for reus(\ 

The fractionating column G serves to hold back the heavy 
oil, receiving its reflux from the regulating bottle ilf, which 
is attached to the continuous decanter J . This decanter sepa- 



rates the condensed water from the condensed benzol coming 
from the condenser //. The water flows from the decanter 
through the tester N through a barometric seal to the sewer P . 
The benzol is collected in the receiving tanks K, from which it is 
alternately withdrawn by breaking the vacuum on them. lh(‘ 
dry-vacuum pump L completes the apparatus, except for the 
usual accessories common to all continuous stills. 
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METHYL ALCOHOL 

Methyl al(X)hol was formerly made almost exclusively from the 
destructive distillation of cellulose material, usually hardwoods. 
Associated with it in the distillate condensed from this process 
are a large number of other substances, notably water, aceli(‘ 
acid, and acetone, together with smaller amounts of other sub- 
stances. The problem of the preparation of pure methyl 
alcohol from this mixtun^ is unqu(^stionably oru' of thc^ most 
difficult that the designer of distillation equipment has been 
called upon to solve, and the solution was not satisfactorily 
completed until the introduction of the modern continuous still. 

Impurities in Wood Alcohol. — Acetic acid and the other 
organic acids present are, in general, neutralized with lime or 
some other suitable alkali, thus rendering them nonvolatil(\ 
The alcohol, acetone, and the balance of the volatile material 
are then separated from the salts by a simple distillation. Tlie 
distillate thus obtained is known as crude wood spirit and has a 
composition of whicdi the following is an example. 


Per Cent 


Methyl alcohol 55 to 50 

Acetone 12 to 14 

Other impurities 5 to 10 

Water 28 to 26 


The other impurities consist principally of the following 
substances : 

Aldehydes 
Methyl acetate 
Ammonia 
Amines 

Higher ketones (methyl ethyl ketone, etc.) 

Allyl alcohol 

Wood oils (high-boiling, insoluble, complex substances) 
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Constant-boiling Mixture or Methyl Alcohol and Acetone. 

Methyl alcohol can be so})arat('d from wate^r by fractional dis- 
tillation. This is also true of acetone, but methyl alcohol and 
acetone together form a binary mixture of minimum boiling point 
which contains approximattdy 15 p(‘r c(mt, alcohol and 85 per cent 
acetone. The resp(H*tive boiling points at 760 mm. pressure are 


l)(grco.s Ck^ntigrade 

M(‘thyl alcohcl 60.5 

Acetone 50.5 

CV)nstant-boiling mixture 55.93 

Ally! alcohol 97 


It, is tlu'n'fore impossible to ])roduce a pure acetone from the 
crude wx)od spirit by fractional distillation without the addition 
of some new substanc(\s whi(di will modify the r(\sj)('ctivo vapor 
]jnsssur(\s of tlu^ al(K)hol and acetone in sindi a way that the 
constant-boiling mixture is destroy(‘d. This may be done by 
introducing into the mixture some matcTial like calcium chlo- 
ride, whi(di (*umbin(\s (*h('mically with the methyl alcohol, thus 
lowering its vapor prc‘ssure, or by some material like sodium 
hydrogen sulphite, whicdi combines chemically wdth the acetone, 
which can then be removed from the solution as a crystalline 
addition compound, and the alcohol fractionated afterward. 

“Methyl Acetone.”— The demand for ac^etone in the past has 
been largely for its use as a solvent, ex(;epting, of course, the 
great demand for pure ac('ton(' as one of the solvents of cordite 
smokeless powder; and siiu^e the (constant-boiling mixture, 
consisting of 85 })er cent a(c(‘tone, is also an excjtdlent solvent and 
behaves physic^ally like a pure compound, th(' latter has satisfied 
the demands of the trade, and it has therefore been marketed 
under the name of methyl acetone. The problem to be solved, 
therefore, consists in the separation of pure methyl alcohol and 
pure ‘'methyl acetone” from water and from the other impuri- 
ties. This is essentially a three-component system; and as 
described under that subjt^ct, it is necessary to remove one 
component first and separate the other two afterward. Tin* 
method adopted here is to separate the methyl acetone (togetluT 
with the volatile head products) from the alcohol and water, 
separate the alcohol from the water, and then finally separate the 
volatile heads from the methyl acetone. 
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Diagram of Still. — This method is utilized in the apparatus 
shown diagrammatieally in Fig. 23, with the omission of a 
numb(^r of neeossary aeeessories in order to sim})lify tbe drawing. 

The function of th(' double column EiE^ is to separate th(i 
feed into two portions, one containing the volatile heads and 
the methyl acetone, and the other the alcohol and water. The 



heads are delivered from the tester H to the bottom of the column 
(7i, and the alcohol and water are delivered from the bottom of 
the column E 2 to the top of the exhausting column F 2 . There is 
an accumulation of insoluble oils in the column E'l, and they are 
removed by means of a continuous decanter at D, just as fusel 
oil is removed in the rectification of ethyl alcohol as described 
under that heading. 
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The function of the column FiF^ is to produ(^e pure methyl 
alcohol and di.scharp;(‘ to waste the water and any nonvolatile 
substances that may be pn^sent. The licpior ('iitering the top of 
F2 contains a small amount of heads not removed by the column 
EiE^- These heads consist of ammonia, amiiK's, aldehydes, 
nitrites, and ethyl acetat(\ In order to handle them, there is a 
special sciction J ins(‘rt(^d in the column through which a constant 
stream of dilute sulphuric acid is flowing from a storage tank K. 
The vapors passing up through the column bubble through this 
acid, thus ncaitralizing and reiide^ring nonvolatile the ammonia 
and amines and tending to polymerize the aldehydes. The 
reflux down through the column is by-passed around this section, 
so the two liquids do not mix. The spent acid is taken to a 
sulphuric acid exhausting column where any valuable mate- 
rials are boiled out of it and pass up into the column Gi, 

The vapors rising through the column F i above the acid section 
J contain a small amount of acid, and this is then neutralized 
by introducing into thc^ column at th(‘ point L dilute sodium 
hydroxide from the storage tank M. This caustic mixes with 
the reflux, neutralizes the acid, and saponific's the ethyl acetate 
and nitrite. The vapors are now substantially freed from 
impurities in the form of heads; but in ordcjr to insure as c;omplet(^ 
removal as possible, the methyl alcohol is withdrawn ‘^pasteur- 
ized^’ from thc‘ upi)er portion of the column (as described under 
c‘thyl alcohol), and the heads thus liberated are taken to the 
central portion of the column Gi in order to recovc^r the alcohc^l 
present in them. 

The bottom section of the column Gi consists of a sort of 
digester where the heads from the column Ei are treated with 
boiling dilute caustic soda. The vapors rising from this digester 
pass up through an acid section similar to that in column F\ 
and are then treated with caustic at a higher point. The purified 
methyl acetone is then withdrawn pasteurized through the cooler 
and tester il, any remaining heads accumulating in the upper 
portion of the column being distilled off and collected at C. 
The waste sulphuric acid from the column Gi is withdrawn to the 
sulphuric acid exhausting column (j2, as before. 

Wood oils collect in the column Fi and are withdrawn through 
a suitable oil decanter at Z), as in the case of the column Ei, 
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The feed material is thenjfore se{)arat.ed by this apparatus 
into pure methyl alcohol, pure constant-boiling mixture (nnithyl 
acetone), concentrated head products, wood oils, and waste. 
I'his is completed in one oja^ration, with a minimum of labor and 
heat, and the products are of a degree of purity unobtainable by 
any intermittent process of fractional distillation. 



CHAPTER XII 


ETHYL ALCOHOL 

Tlu* fractional distillation of ethyl alcohol is the classical 
example in the art of distillation. Nearly all of the earlier t(H'hni- 
cal books on the sul)ject of distillation deal practically exclusively 
with the i)rohlem of producing ethyl alcohol from its various 
sources, and the problem has unquestionably received mon^ 
tliought than any other phast^ of the subject. 

Sources of Ethyl Alcohol. — Ethyl alcohol is obtained almost 
wholly from the fermentation of various sugars, as are found in 
such materials as molasses, hydrolyzed standi, and waste liquor 
from sulphite-pulp digesters. The conditions under which 
fermentation of these sugars must be carried out are such that 
the alcoholic product usually contains from 5 to 10 per cent of 
alcohol. This mash, as it is usually called, contains in addition to 
the alcohol and vvat(‘r (‘onsiderable solid material in suspension, 
dissolvcni salts of various kinds, and a number of mon' or less 
volatile substances which are by-jiroducts of the fermentation. 
The solid materials and tlu' nonvolatile salts can be readily 
removed by a simple distillation. The volatile impurities are, 
however, much more difficult to (‘are for. 

It has been the object of manufacturers of stills to produce a 
commercial alcohol of as high a degree of purity as possible. 
Only recently, however, has the introduction of the continuous 
still permitteid th(* production of a really high-grade material. 
Continuous alcohol stills of the type perfected by Barbet and 
others are capable of producing continuously and economically 
alcohol of a high and uniform degree of purity. These stills 
will be modified in the future as the action of the component 
parts is studied. The art of still building has suffered in the 
past from the fact that the problems involved have b(‘en studied 
empirically. The applications of physical chemistry in the 
future will be sure to be of great assistance in the .solution of these 
problems. 
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Beer Still. — The first process in the production of alcohol from 
the mash is the removal of all of the nonvolatile material and a 
good portion of the water. This is usually carried out in what is 
known as a beer still, which is a simple continuous still of the 
type indicated in Fig. 24. 



The alcoholic feed is supplied by a constant-level feed tank 
A . This tank contains a ball float which operates a steam pump 
which pumps the feed from the storage tank to A as rapidly as 
it i^ used. The feed then flows by gravity through the feed 
heater B where it is raised nearly to its boiling point. Continu- 
ous stills are often fitted with recuperators where the incoming 
feed is heated by the outgoing hot waste from the bottom of the 
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oxhaustixig column. Where tlie li(iuor contains solid mat( 3 rials 
Avhich are likely to form deposits on the heating surfaces, recuper- 
ators are not always used, on account of the difficuilty of ch^aning 
th(' outside of the tubes. Th(‘ vapor lu^atc^r shown at H has th(3 
liquor only inside the tubes, and the fouled surfaces (3an be very 
easily cleaned by removing the top and bottom heads of the 
heater and running cleaning devices through the tubes. 

The hot feed then is introduced into the top section of the 
exhausting column C where it flows down from plate to plate, the 
volatile materials being gradually nmioved as it comes into 
contact with the steam blown in at the bottom through the 
perforated sparger pipe L. column usually has 

from 12 to 15 plates, each plate being large and deep to give a 
long time of contact of the feed in th(3 (*olumn in order to insure 
(‘omplete removal of the volatile substances. The complete 
removal of these substances can be rc'adily tested by what is 
known as the slop tester. Vapor is withdrawn from a plate near 
the bottom at //, any liquicf removed by the sc^parating bottle, 
and then the vapor is condensed in a suitable condenser /. from 
which it flows to a tester J where it can be tasted, or its specifics 
gravity measured by means of a hydrometer. The exhausted 
liquor then is discharged from the bottom of the still through 
a suitable seal pipe M. The rate of introduction of steam 
into the column is governed by means of a suitable pressure 
regulator. 

The vapor leaving the exhausting column for the heater is 
substantially in equilibrium with the liquid on the top plate of the 
column. Partially condensed in the heater, it suffers enrichment 
in its alcohol content, and then it passes to the condenser where 
it is completely condensed. The vapor condensed in the heater 
is returned to the top plate of the column together with a greater 
or lesser portion of the vapor condensed in the condenser, from 
the regulating bottle E. iThe dist illate flows through the tester 


Per Cent 

Organic acid measured as acetic acid 0.152 

Esters measured as ethyl acetate 0.071 

Aldehydes measured as acetaldehyde 0.015 

Furfurol 0.00019 

Higher alcohols measured as isoamyl alcohol 0.412 

Nitrogenous substances measured as ammonia 0,0006 
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F, where its volume and specific gravity 
may ])e measured, to the storage tankt/. 
On m icount of th(^ partial condensation 
in the heater, the distillate from tlie 5 to 
10 i)er cent mash will frecpiently run as 
high as 30 to 40 per cent alcohol. 

The water supply for the (;ondenser is 
obtained from a constant-level feed 
tank. 

Crude Alcohol. — A sample analysis 
of su(‘h a distillate obtained from a 
molasses mash show^ed, in addition to 
th(^ alcohol and water, the impurities 
indicated in the table at the bottom 
of i)age 73. 

Neutralization. — Before this impure 
alcohol can be refined it must be 
neutralized with some suitable alkali 
such as soda ash. The mnitralizatioii 
must be done very carefully, since if the 
solution is boiled when alkaline the 
nitrogenous bodies set fre(i amiiKvs 
whose disagreeable odor is hard to 
remove in the finished alcohol, and 
which also form blue compounds with 
copper and color the alcohol. They 
also tend to combine with the aldehydes 
forming resins which are likely to gum 
up the column or color yellow the 
alcohol withdrawn from th(^ column. 
On t^l^x)tlier httnd, if the solution is 
a^dj esters will form, and any unde- 
cornposed ammonium acetate will react 
with strong alcohol forming ethyl 
acetate and setting free ammonia. 

Intermittent Stills. — Formerly, most 
alcohol was rectified in intermittent 
stills. The accompanying table gives 
the results of a rectification in a modern 
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intermittent Ntill (see Fig. 25). The distillate was divided into 
the fractions indicated. 

It will be noted that the fraction entitled High-grade alcohoF^ 
comes rather far from being a pure alcohol and, furthermore, that 
this fraction contains but 26 per cent of the alcohol in the original 
liquor. In other words, 74 per cent of the alcohol must be 
rehandled in order to convert it into high-grade product. 


Pephlesmafvr condenser 



Fig. 26 . — Modern intermittent still. 


Continuous Stills.-~ (-The use of the continuous rectifying still, 
as developed by Barbet, has enabled alcohol producers to put 
on the market an alcohol of higher grade than the best produced 
by the intermittent still without subsequent chemical treatment 
with charcoal, etc., and to avoid the rehandling of intermediate^ 
fraction, at a considerable* saving in time, labor, and expense. A 
simple type of such a still is shown in Fig. 26. 

This still consists essentially of a purifying column C and a 
concentrating and exhausting column D. The function of the 
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purifying column is to remove the volatile head products, which 
can be separated from alcohol by fractionation. The function of 
the concentrating column is to separate the alcohol and water, as 
well as the impurities which are not removed in the heads. 

The purifying column is fitted with a reflux condenser G and 
condenser H and is independent of the rest of the apparatus 
except that it r(?ceives the hot feed continuously from the recupe- 


e H i j 



rator B and the feed-supply tank A and delivers the purified 
dilute alcohol continuously from its base to the other column D. 
It has its own steam regulator O and cooling- water supply, and its 
rate of operation can be controlled according to the amount of 
impurities to be removed. 

The operation of the purifying column can be readily under- 
stood from the following diagram (Fig. 27) which is credited to 
Barbet. Ordinates represent the plates in the column, ther(‘ 
being 13 plates above the plate on which the feed enters and 
10 plates below that point, 24 plates in all. Abscissas below rep- 
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resent percentage of alcohol and, above, grams of impurities per 
hectoliter. The left-hand side of the upper scale is made logarith- 
mic to exaggerate the very low readings, and the right-hand side 


Concenfra+ron of Im purifies 
0.1 ‘0.2 0.4 0.6 0.8 3 5 7 9 U 13 15 



Fio. 27. — Diagram illustrating action of purifying column. 

(from 1 to 15) is a normal scale. Th(‘ lowtn* scale is normal 
throughout. 

The feed consists of a 50 per cent alcohol solution <‘ontaining 
[leads amounting to 0.5 gram per hectoliter, and higher alcohols 
(fusel oil) to 2 grams per hectoliter. The mixture distilled from 
the top of the column is about 95 per cent alcohol, containing 
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12 grams of head products per hectoliter, and the solution dis- 
charged from the bottom contains about 40 per cent alcohol, 
no head products, and 3 grams of oil per hectoliter. 

The 40 per cent solution then enters the central portion of the 
column D. This column has the reflux condenser J and the 
condenser / and is fitted with a perforated steam pipe and steam 
regulator P, as in the case of the column C. This column must 
remove, as far as possible, the water from the alcohol and 
remove the impurities left by the purifying column. 

Alcohol and water form a binary mixture of constant-boiling 
point, at a composition of about 96.5 per cent alcohol by weight. 
This mixture boils about 0.2° below that of i)ure alcohol, and 
therefore alcohol can be freed from water only up to that con- 
centration by means of fractional distillation processes. 

The impurities left in the alcohol at the entrance to the column 
D consist principally of the higher alcohols propyl, isobutyl, 
and isoamyl. These alcohols are completely soluble in ethyl 
alcohol and can be separated from it by fractional distillation. 
They are, however, only partly soluble in water and are therefore 
volatile with steam when present in excess of their solubility 
limit. It should be remembered that in the column Z), the liquid 
on the top plates is practically pure alcohol in which these oils 
are soluble and that the liquid in the bottom of the column is 
practi(;ally all water, in which the oils are practically insoluble. 
The concentration of alcohol on the intermc^diate plates varies 
between these two limits. When the oils are introduced into the 
column with the dilute alcohol and run down over the plates of 
the exhausting section of the column, they reach a concentration 
of alcohol so dilute that they become insoluble and separate out 
as an oily layer on the plates. The oils are now volatile with 
steam, and their vapors ascend into the upper portion of the 
column. Here, however, they are soluble in the higher con- 
centration alcohol and dissolve. But, having a higher boiling 
point than ethyl alcohol, they are forced back down the column. 
Since they cannot escape from either the bottom or the top of the 
(‘olumn, they therefore collect and accumulate in the central 
portion of it. It is th(‘refore possible by withdrawing the liquid 
from these plates, where the oils have accumulated, to separate 
them from the aqueous layers by decantation and return the 
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a(iu(‘ous alcohol layer to the still. This is the fuuetioii of th(‘ 
eontiniioiis oil decanters Q and Ry which deliver the decanted 
oil to the tanks aS and T, respectively. Since these oils are less 
soluble the low('r th(' temperature, the litpiid withdrawn from 
the column is sometimes cooled on its way to the decanters by 
suitable coolers. There are usually two groups of these oils which 
are of quite different solulhlity. These collect in two separate 
portions of the column and must be withdrawn at tht\se s(q)arat(‘ 
points, as shown, the oils less soluble in water (collecting higher 
up in the column than those more soluble. 

The ethyl alcohol delivered from the top of the column D 
would be freed by the removal of the oils from all of its impurities 
other than water, were it not for the facet that during the boiling 
in the passage through the column more of the volatile esters art' 
formed than were removc'd in the purifying column. These, 
therefore, tend to accumulate in the top of th(* column, being 
more volatile than the alcohol itself. This condition may be 
shown by another Barbet diagram similar to the one for th(‘ 
purifying column (Fig. 28). 

It will be seen from this diagram that the alcohol has reached 
its maximum strength shortly above the twentieth plate above 
feed inlet but that the concentration of heads at that point is 
only about one-fifteenth that at the top of the column. It is 
advisable to withdraw the alcohol from the column at this point 
rather than from the t(3p, and this act is known as “pasteuri- 
zation,” The heads are distilled out of the column and con- 
densed and delivered to a tester N in the same way as the heads 
from (column C are delivered to the tester M, The hot liquid 
alcohol withdrawn pasteurized from the column is then cooled in 
a cooler E and delivered to the tester F. 

The waste liquor from the bottom of the column D flows 
through the recuperator B and then to the sewer. 
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RECTIFICATION OF BINARY MIXTURES 

Tlie separation of two liquids from eaeh otlu^r by fractional 
distillation may be accomplished in two general ways: (1) th(^ 
batch, or intermittent, method; and (2) the continuous method. 
In the former, the (composition and ternperatunc at any point 
in the system are changing (continually; in the latter, conditions 
at any point are constant. 

It will be recalled that a fractionating column consists of a 
system up through which vapors are passing and down through 
which a liquid is running, countercurrent to the vapor, the liquid 
and vapor being in more or less intimate contact with each other. 
Furthermore, the vapor and liquid tend to be in equilibrium with 
(^ach other at any point in the column, the liquid and vapor at the 
bottom of the column being richer in the less volatile component 
than at the top. It is evident, therefore, that the action of such 
a column is similar to that of a scrubbing or washing column, 
whore a vapor is removed from a gas that is passing up through 
the column, by bringing into contact with it, countercurrent, a 
liquid in which the vapor is soluble, and that will remove it from 
the gas. 

SorePs Method. — Sorel (15) developed and applied the mathe- 
matical theory of the rectifying (column for binary mixtures. 
He calculated the enrichment, the change in composition from 
plate to plate, by making energy and material balances around 
each plate and assumed that cjquilibrium was attained between 
the vapor and liquid leaving the plate. He proceeded stepwis(‘ 
through the c(dumn by applying this method successively from 
one plate to the next. 

SorePs method will be derived for the case illustrated in Fig. 29. 
The column is assumed to be operating continuously on a binary 
mixture with the f(^ed entering on a plate between the top and 
bottom. The column is provided with heat for reboiling by 
conduction such avS steam coils in the kettle; the case of the use 
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of live or open wteam will bo considered later. A simple total 
condenser is assumed where all of the overhead vapor is liquefied, 
this condensate being divided into two portions, one of which is 
returned to the column for reflux and the other withdrawn as 
overhead product. The bottoms are continuously withdrawn 
from the still or re boiler. The following nomenclature will be 
used in the derivations: 

X — mol fraction of more volatile component in liquid. 
y = mol fraction of more volatile c>omponent in vapors. 

D = mols of distillate withdrawn as overhead products per unit 
of time. 

Xi) = mol fraction of more volatile component in distillate. 

O == total mols of overflow from one plate to next, i)er unit of 
time. 

:: = mol fraction in fecni mixture. 

V = total mols of vapor passing from one plate to next, })(‘r unit 

of time. 

F = mols of mixtures fed to column per unit of time*. 

W = mols of residue per unit of time. 

n = number of plate under consideration, (‘oimting up from 
feed plate. 

rn = number of i)lat(* under consideration, counting up from still. 
H = enthalpy, or heat content of vapor. 
h = enthalpy, or heat content of liquid. 

V = ( 0,^1 ~ Os)/F. 

Subscripts : 

n refers to nth plate; i.e., On and Vn refer to mols of liciuid 
and vapor leaving nth plate, respectively. 
m refers to mth plate. 

/ refers to feed plate; ^.c., Xf is mol fraction of more volatile 
component in overflow from feed })late. 

F refers to feed; i.e., Xf is mol fraction of more volatile 
component in feed mixture. 

D refers to distillate. 

R refers to reflux. 

W refers to bottoms. 

L refers to liquid. 

V refers to vapor. 

t refers to top plate. 
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Consider the region bounded l)y tlio dotted line in Fig. 29. 
The only material eniering this sc^etion is tlie vapor from the 
nth plate Vn, while leaving the seetion is the distillate D and the 
overflow from the (n + l)th plate By material balance, 

Vn — On+l + D (1) 

Considering only the more volatile component, the mols entering 
this section are the total inols of vapor from the 7?th jflate multi- 



Fia. 29. — Diagram of continuous distillation column. 


plied by the mol fraction of the more volatile (component in this 
vapor VnVn- Likewise, the mols of the more volatile component 
in the distillate are Dxd; and in the overflow from the (n + l)th 
plate are 0n+iX„4.i. A material balance on the more volatile 
component for this section therefore gives 


or 


V nVn 0 "F 


( 2 ) 


__ On+l , D 

yn Xn-\-\ 1 X D 


(2a) 
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Vn 


0„+i , D 

0„+r+ On+l + 5*" 


(2&) 


Thvi«, starting at- the (*oiulenser, th(^ (*omi)Osition of the reflux 
to the tower, with the type of eondenser em})loyed, is the sann^ 
as the composition of the distillate, which makes the composition 
of the vapor to the condenser the same as that of the distillate. 
The moLs of vapor from the top plate are equal to Or + D, and 
the reflux to this plate is Or, SoreFs assumption of the vapor and 
liquid leaving the plate being in equilibrium makes it possible 
to calculate the composition of the liquid leaving the top plate 
of the tower from the composition of the overhead vapor and 
vapor-liquid equilibrium data. 

In the design of such a tower, it is generally customary to set 
or fix certain operating variables such as the composition of the 
distillate and of the bottoms^ the reflux ratio 0/?/D, and the 
composition and thermal condition of the feed. With these 
values and a known quantity of feed per unit time, by over-all 
material balances it is possible to calculate 7), Or^ and W, To 
calculate the composition of the vapor from the plate below the 
top plate by Eq. (2a), it is necessary to know the mols of overflow 
from the top plate and the mols of vapor from the plate below 
as well as the known quantities Z>, Xd^ and the mol fraction of 
the more volatile component in the liquid overflow from the top 
plate. Sorel obtained the mols of overflow from, and the mols 
of vapor to, the plate by heat (enthalpy) balances. Thus the 
heat brought into the plate must equal that leaving. 


OrKr + = VtHt + Otht + losses (3) 


Equation (3) gives a relation between Vi-^i and Ot\ and if the 
enthalpies are known, this equation can be solved simultaneously 
with Eq. (1) to give Vi-.\ and Ot. This, in general, involves 
trial-and-error solutions, since Ht-i is not known and must be 
assumed until the conditions of the next plate are known. The 
values of Vt-i and Ot obtained in this manner are used in Eq. (2a) 
to give yt-i. From this composition the value of Xt-i is obtained 
from vapor-liquid equilibrium data as well as the temperature 
on this plate. The value of Ht~i can then be accurately checked, 
and the calculations corrected if necessary. This operation is 
continued plate by plate down the tower to the feed plate. 
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A similar derivation for the plates below the feed gives 

Vm — y y 

»' m r ?tl 

_ On, + lXfn+l WXrr 

- W - W 

I'hese equations are used in the same way as Eq. (2). 

Because of the complexity of SoreFs method, it is usually 
modified by certain simplifying assumptions. The heat supply 
to any section of the column above the feed is solely that of the 
vapor entering that section. This supply of heat to the next 
plate goes to supply vapor from this plate, to heat loss from the 
section of the tower that corresponds to this plate, and to heating 
up the liquid overflow across this plate. In a properly designed 
column, the heat loss from the column should be reduced as far 
as is practicable and is generally small enough to be a negligible 
(piantity relative to the total quantity of heat flowing up the 
column. It is also assumed that the heats of mixing of the two 
(‘omponents both in the liquid and in the vapor are negligible 
relative to the latent heats of vaporization involved. The 
sensible heat taken up by the increase in temperature of the over- 
flow as it passes down the column is partly offset by the 
decrease in sensible heat of the vapor as it flows up the column. 
The change in the sensible heat of the vapor is usually less than 
that of the liquid, and the enthalpy of the vapor must decrease 
sufficiently as it passes up the column to supply the difference 
of the sensible heats. For binary mixtures of similar properties, 
i.e.y both associating as alcohol or nonassociating as benzene, 
the molal heat of vaporization at constant pressure decreases with 
decreasing temperature. Depending on the relative decrease 
of the molal heat of vaporization and of the enthalpy of the vapor, 
it is possible for the total mols of vapor to remain substantially 
constant in passing from plate to plate throughout the column 
or to increase or decrease. 

The available experimental data indicate that if both com- 
ponents are of the same type, up to moderately high pressures, 
the total mols of vapor (and liquid) are substantially constant 
except as affected by the introduction of the feed or by the return 
of cold reflux to the column. Thus in the section above the 


(4) 

(4a; 
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feed, iho niols of vapor and of o\'orflow from plate to plate are 
substantially (‘onstant, and fh(' same applies to the section below 
the feed, but the mols of both vapor and overflow will not ])e thci 
same in both s(‘etions. 

The assumptions leading to this condition, called the usual 
simplifying assumptions (USA), may be summarized: (1) Heat 
losses from the column are no^gligible; (2) the heat of mixing in 
the vapor and that in the liquid are negligible; and (3) the 
components are all of the same class, f.c., associating or non- 
associating, such that their thermal propc^rties are similar. 



Fig. 30. — Equilibrium curve for benzene-toluene mixture. 

Thus, in Eq. (2a), since On+i and Vn are constant in the section 
above the feed plate, the relation between yn and Xn-\-\ becomes a 
straight line with the slope equal to 0/V. Similarly, below the 
feed, ym is linear in Xm+i. On the basis of the operating variables 
previously fixed, On-f i, Vn, D, and Xn are known, and the equation 
betw^een T/n and Xn+i is completely defined; and likewise for ym and 

A plate on which SoreFs conditions of equilibrium are retained 
is defined as a 'theoretical plate, i.e.^ a plate on which the con- 
tact between vapor and liquid is sufficiently good so that the 
vapor leaving the plate has the same composition as the vapor in 
equilibrium with the overflow from the plate. For such a plate 
the vapor and liquid leaving are related by the equilibrium x-y 
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curve (see page 43). Rectifying columns designed on this 
basis serve as a standard for comparing actual columns. By 
such (comparisons it is possible to determine the number of actual 
plates equivalent to a theoretical plate and then to reapply this 
factor when designing other columns for similar service. 

As an illustration of Sorehs method together witli the usual 
simplifying assumptions, consider the rectification of a 50 mol 
per c(ait benz(me and 50 mol per cent tolinme mixture into a 
product containing 5 mol per cent toluene and a bottoms contain- 
ing 5 mol per cent benzene. The feed will enter as a liquid 
sufficiently preheated so that its introduction into the column does 
not affect the total mols of vapor passing the ffi(cd plate; i.e., 
such that Vn — Vm. A reflux ratio On/D, equal to 3, will be 
employed, and the column will operate with a total condenser 
and indirect heat in the still. The x-y equilibrium curve is 
given in Fig. 30. 

Taking as a basis 100 lb. mols of feed mixture, an over-all 
material balance on the column gives 

(0.5) (100) = 0.95/> + 0.05 If 

- 0.95D + 0.05(100 - D) 

gives 

1) — 50 lb. mols 
W = 50 lb. mols 

Since 



On = 150 

Vn = On + D ^ 200 

by Kq. (2a), 

ijn - (150/200).t„+i + (50/200) (0.95) = 0.75x.+i + 0.2375 (5) 
Shicc a total condejiser is used, 

yt == Xi> = Xr = 0.95 

fnuu the equilibrium curve at y = 0.95, x = 0.88, i.e,, Xt in 
ecpiilibrium with yt is 0.88. 

Equation (5) then gives 

yt-i = 0.75x, + 0.2375 - 0.75(0.88) + 0.2375 - 0.8975 
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by equilibrium curve, at yt-i = 0.8975 is 0.77 and 

yt^2 = 0.75(0.77) + 0.2375 = 0.8145 

Xt—2 == 0.64 

yt-z = 0.75x,_2 + 0.2375 = 0.75(0.64) + 0.2375 = 0.7165 

Xt-% — 0.505 

Since the value of Xt-z close to the composition of the feed, 
this plate will be taken as the feed plate. Below this plate, the 
equation for the lower portion of the tower must be used. Since 
the feed was preheated such that 

Vn = Vm 
Vm - 200 
W ^ 50 
0,n = 250 

and 

ym = (250/200)x^+i - (50/200) (0.05) = l.25xn^i - 0.0125 
since Xts = x/ — 0.505 

1//.-1 = 1.25(0.505) - 0.0125 = 0.615 
Xf^i = 0.392 from equilibrium curve 
yf-2 == 1.25(0.392) - 0.0125 - 0.478 
X/_-2 = 0.275 

= 1.25(0.275) - 0.0125 = 0.323 
X/_3 = 0.172 

2//_4 = 1.25(0.172) - 0.0125 = 0.21 
X /_4 = 0.100 

2//_6 = 1,25(0.100) - 0.0125 = 0.122 
X/_6 = 0.058 

2//-6 = 1.25(0.058) - 0.0125 - 0.06 
x/_6 = 0.03 

The desired strength of the bottoms was = 0.05; x /_5 is too 
high, and x/_6 is too low. Thus it is impossible to satisfy the 
conditions chosen and introduce the feed on the fourth plate 
from the top with an even number of theoreti(^al plates. How- 
ever, by slightly reducing the reflux ratio it would be possible to 
make X/_6 equal to Xtc, or by increasing the reflux ratio to make 
X /_5 equal to Xw^ In general, such refinements are not necessary, 
and it is sufficient to say that between eight and nine theoretical 
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plates are required in addition to the still, three plates above feed 
plates, the feed plate, and four or five plates below the feed, and 
the still, approximately 8}^. Th(^ percentage difference between 
eight and nine is much less than the accuracy with which the 
ratio of actual to theoreti(;al plates is known; and whichever is 
used, a sufficient factor of safety must be utilize^d to cover th(^ 
variation of this latter factor. 

McCabe and Thiele Method (10). — When the usual simplifying 
assumptions are used with Sorers method, the relation between 
?/n and Xn+i is a straight line, and the equation of this line may 
be plotted on the y-x diagram. Thus, for the example worked by 
Sorel’s method in the preceding chapter, 

Vn = 0.75xn+i -h 0.2375 

This is a straight line of slope 0.75 = On/Vn which crosses the 
y = X diagonal at yn = Xn-^i = 0.95 = x^. Thus, on the x-y dia- 
gram for benzene-toluene, a line of slope 0.75 is drawn through 
y — X — Xi) (see line AB, Fig. 31). Likewi.se, below the feed, 

O W 

y,n == ^Xrr.+i ~ = 1.25 ^-., 41 “ 0.0125 

y VI y m 

This represents a straight line of .slope OmIVm — 1.25 and passes 
through the y = x diagonal at x = x,r = 0.05 (.see line CD, Fig. 
31). These two lines are termed tlu^ operating lines, since they 
are determined by the tower operating conditions, AB being 
the operating line for the enriching section and CD the operating 
line for the stripping, or exhausting, section. To determine the 
number of theoretical plates by Fig. 31, start at xy>; as before, 
= X I) — 0.95, and the value* of Xi is determined by the inter- 
section of a horizontal line through yt = 0.95 with the equilibrium 
curve at 1, giving Xt = 0.88. Now, instead of using Eq. (2a) 
algebraically as in the Sorel method, it is used graphically as the 
line AB, A vertical line at Xt = 0.88 intersects this operating 
line at 2, giving yt-i = 0.89. By proceeding horizontally from 
intersection (2), an intersection is obtained with the equilibrium 
curve at (3). Since the ordinate of intersection (3) is yt-i^ the 
abscissa must be the composition of the liquid in equilibrium 
with this vapor, i,e., Xt^i == 0.77. As before, the intersection of 
the vertical line through the point (3) with the operating line 
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at (4) gives the y on the plate below, or ?//_2 ~ 0.815. This 
stepwise proeediire is (‘arri(‘(l down the tower. At, intersection 
8, XV 3 is ap])roxiinately e(pial to .!>•; and at this plate, the feed 
will be introdiKHul. The st(‘pwis(‘ method is now contiTuual, 
using the equilibrium curve and t he operating line Cl). 

Such a stepwise proc<^dure must yield the sam(‘ answer as tlu^ 
previous calculations, since it is the exact graphical solution of 



the algebraic equation previously used. It has a number of 
advantages over the latter method. First, it allows the effect 
of changes in equilibrium and operating conditions to be visu- 
alized. Second, limiting operating conditions are easily deter- 
mined; and if a column contains more than two or three plates, 
it is generally more rapid than the corresponding algebraic 
procedure. Because of the importance of this diagram it will 
now be considered in further detail. 

Intersection of Operating Lines. — In Fig. 31, the operating lines 
intersected at x = Xf. This intersection is not fortuitous, since 
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the shapes of the two operating lines are not independent but 
are related to each other by the composition and thermal condi- 
tion of the feed. This relation is most easily shown by writing a 
heat balance around the feed plate. Let p be the difference 
between the mols of overflow to and from the feed plate divided 
by the mols of feed. 


D = 

P F 


( 6 ) 


A material balance gives 

Vf — Vf y 

(p + 1) = p (6a) 


Let Xi and pt be the (coordinate's of the intersection of the 
operating lines. At this intersection, p„ must eciual and Xn 
must ecpial x-„^. An over-all material balan(‘e on the more volatile 
component gives Dxd + Wx^ = Fzfj where Zf is the average mol 
fraction of this component in the feed. Writing Eqs. (2a) and 
(4) for the feed plate and using the values p* and Xi, 

y fVi = Of^iXi + Dxij (2a') 

F/_iPi = 0/Xi - Wxy, (4') 

and subtracting, 

(Vf - V f^i)yi = (0/+1 - Of)Xi + Dxi, -f Wxw 

= ( 0/41 — Of)xi + Fzf 

<y, 

Substituting values of p and p + 1 gives the point on the diagram 
at which the intersection must occur. 


(p + l)pt P-Tt + 


Vi = 


p + 1 * ^ p + 1 


Equation (7) together with Eq. (26) gives 



(7) 


x^ 


( 8 ) 
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and 


{OID)zr — V^I> 

■Ts-r 


This line of intersections crosses tlie y ~ x diagonal at 


( 9 ) 


y. = Xi = Zf 

p 

and has a slope of — 7 — r* The effects of various values of p are 
^ p + I 

shown in Fig. 32 for a given slope of the operating line above the 



Fig. 32. — The effect of the thermal condition of the feed on the intersection of 

the operating lines. 

1, 7> is greater than O (superheated vapor feed) 

2, p - O (0/,i » Of) 

3, 0 > p > —1 (partly vapor feed) 

4, p 1 (V/-1 » V/) 

5, p < —1 (cold feed) 


feed. Thus, if p = Oj the inols of overflow above and below 
the feed are equal, and the operating lines must intersect in a 
horizontal line through the diagonal at Zf. A value of p = —1, 
Le., Vf ~ V would put the intt^rsecdion on a vertical line 
at Zf. 

The value of p is best obtained by an enthalpy balance around 
the feed plate. However, when the molal enthalpy of the over- 
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flow from the feed plate and the plate above is essentially the 
same and the enthalpy of the vapor from the feed plate and the 
plate below is also the same, then, by P]qs. (6) and (6a), — -p 
becomes approximately the heat necessary to vaporize 1 lb. mol 
of the feed divided by the latent heat of vaporization of the feed. 
Thus, an all-vapor feed at its boiling point would have a value 
of p = 0; for an all-liquid feed at its boiling point, p would equal 
— 1; p would be less than —1 for a cold feed, between —1 and 
zero for a partially vaporized feed, and greater than zero for a 
superheated vapor feed. 

A little study of Fig. 32 indicates that for a given 0/D fewer 
plates are required for a given separation the colder the feed. 
This results from the fact that the cold feed condt'iises vapor at 
the feed plate and increas(3S the reflux ratio in the lower portion 
of the column. This higher reflux ratio is obtained at the expense 
of a higher heat consumption in the still. 

Logarithmic Plotting. — When the design involves low concen- 
trations at the terminals of the tower, it is necessary to amplify 
this part of the diagram in order to plot the steps satisfactorily. 
This may be done by redrawing these regions of the y-x dia- 
gram to a larger scale. In some cases, it may be necessary to 
make more than one amplification of successive f)ortions of the 
diagram. Alternately, the y-x diagram may be plotted on 
logarithmic paper, and the ships constructed in the usual manner. 
On this type of plot in the low-concentration region, the equilib- 
rium curve is generally a straight line, since, for small values of x, 
ax 

y ~ T + ~ ( ^— T)x y ^ however, the operating line 

which is of the form = aXm+i + 6 is a curved line unless 6=0. 
The operating line is constructed from points calculated from 
the operating-line equation. 

Minimum Number of Plates. — The slope of the operating line 
above the feed is On/Fn, and as this slope approaches unity the 
number of theoretical plates becomes smaller. When On/F« is 
(‘qual to 1, Or/D is equal to infinity, and only an infinitesimal 
amount of product can be withdrawn from a finite column. 
Under such conditions the column is said to operate at total reflux 
or with an infinite reflux ratio, and both operating lines have a 
slope of unity causing them to coincide with the y-x diagonal. 
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Since a higher reflux ratio than this is not possible, the size of the 
steps on the x-y diagram is a maximum, and a minimum number 
of theoretical plates is determined to give a given separation. 
This number is determined by simply using the y-x diagonal as 
the operating line and constructing the steps from Xd to Xw. 
A column with the minimum number of plates serves as a refer- 
ence below which no column can give the desired separation, but 
such a column would have a zero capacity and would require 
infinite heat consumption per unit of product. 

Fenske’s Equation for Total Reflux. — Fenske (5) developed an 
algebraic method of calculating the minimum number of theo- 
retical plates by utilizing the r(4ativ(' volatility together with 
the fact that at total reflux the operating line becomes the y-x 
diagonal. Thus, considering the two components x' and x", and 
starting with the still, 



and at total reflux the operating-line equation gives y^ — xi, 
giving 



and 






continuing,.in the same manner, 
= (a„_i)(o:„„ 2 )( 


)( ) • 




Since in most cases the relative volatility does not vary widely, 
an average value for the entire column is used, giving 




where t is the number of pla1(\^ in the column. This equation 
can be changed to 

log aav. 


( 10 ) 
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If a total conderivscr is employed, this becomes 


or if a partial eondensc^r (npiivaleiit to one tlieoretical plate is 
employed, 

t + 2 = {y' j x') ^ 

log a.v. ^ ^ 

These ecpiations offer a simple and rajnd means of determining 
the nurnben’ of theoretical plates at total rciflux and avoid tlu^ 
ne(‘.essity of eonstriictinp^ the y-x diagram. In general, an arith- 
metic average of the relative volatility at the temperat ure of the 
still and the temperature of the top of the tower is satisfactory. 
For appreciable variations in the relative volatility, the geometric 
avc'rage should be inon* satisfactory, i.e,, — -\/ extag. In the 

cases of abnormal volatility such as are exhibit ed by ethyl alcohol 
and water, the use of an average relative volatility is not satis- 
factory over an appreciable concentration range; however, the 
equation may Ix^ applied successively to small (a)ncent ration 
ranges, but the operation becomes practically as time consuming 
as constructing the y-x diagram. The use of the y-x diagram has 
the advantage that it givers a picture of the concentration gradient., 
and, in addition, after the diagram has been constructed, the 
number of theoretical plates for otluT reflux ratios can be easily 
det('rmin('d. Fenske^s relative-volatility mcdliod is not applicable 
to conditions other than total reflux. 

Minimum Reflux Ratio. — In general, it is desired to keep the 
reflux ratio small in order to conserve heat and cooling require- 
ments. As the reflux ratio Or/D is reduced from infinity, the 
1 r .u 1 - On 0/D , 


slope of the operating line 


(^>) 


decreases from unity. 


Thus, in Fig. 33 a reflux ratio of infinity would correspond to 
operating lines coinciding with the diagonal as acb, and a lower 
reflux ratio would correspond to adb. It is obvious that the 
average size of the steps between the equilibrium curve and the 
line adb will be much smaller than the size of the steps between 
the equilibrium curve and the line acb. Thus, a reduction of the 
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i-eflux ratio requires an iiuireaKSO in the number of theoretical 
plates to effect a given separation. As the reflux ratio is further 
decreased, the size of the steps between the operating lines and 
the equilibrium curve beconu's still smaller, and still more theo- 
retical plates are required, until the conditions represented by aeh 
are encountered, when the operating line just touches the equilib- 
rium curve. In this final case, the size of the step at the point 
of contact would be zero, and an infinite number of plates would 
be required to trav(d a finite distance down the operating line. 



x = Mo! Fraci'ion in Liquid 
Fig. — Plot for minimum reflux ratio. 


The reflux ratio correspondipg to this case is called the minimum 
reflux ratio and represents the theoretical limit below which this 
ratio cannot be reduced and produce the desired separation even 
if an infinite column is employed. This reflux ratio is easily 
determined by laying out the operating line of the flattest slope 
through Xd that just touches but does not cut the equilibrium 


ve at any point ; the slope of this line ^ 


gives the 


value of 0/D, Alternately, it may be calculated from the 


equation 


9i = y<> 

D yc — Xc 


( 13 ) 
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where Xc and Ve are the coordinates of the point of contact. For 
mixtures having normal-shaped equilibrium (turves, such as 
benzene-toluene, the point of contact of the operating line with the 
equilibrium curve will occur at the intersection of the operating 
lines, and Xc and become Xf and y/. For cases that deviate 
widely from Raoult\s law, the operating line may become tangent 
to the equilibrium curve before the intersection of the operating 
lines touches the equilibrium curve, and in such cases it is usually 
best to plot the diagram and 
determine the slopes On/Fn. 

Optimum Reflux Ratio. — The 
choice of the proper reflux ratio 
is a matter of economic balance. 

At the minimum reflux ratio, 
fixed charges are infinite, be(‘,ause ./^ 
an infinite mimlx^r of plates is ^ 
required. At total reflux, both 
the operating and the fixed 
charges are infinite. This is due 
to the fact that an infinite 
amount of reflux and a column 
of infinite cross se('tion would be 
required for the prodiu^tion of a 
finite amount of product. The 
tower cost therefore passes through a minimum as the reflux ratio 
is decreased above the minimum. The costs of the still and con- 
denser both increase as the reflux ratio is increased. The heat 
and cooling requirements constitute the main operating costs, 
and the sum of these increases almost proportionally as the reflux 
ratio is increased. The total cost, the sum of operating and 
fixed costs, therefore passes through a minimum. These condi- 
tions are shown in Fig. 34. Often the operating costs an^ high 
relative to the fixed charges, and this causes the minimum in the 
total cost curve to move tow^ard the minimum 0/D. 

One of the most important pieces of data needed for sucli an 
(economic study is the number of theoretical plates as a function 
of the reflux ratio. When the number of theoretical plates is 
plotted against the reflux ratio, a hyperbola type of curve is 
obtained with asymptotes corresponding to the minimum reflux 



’'O/D 

Fiti. 34. Optimum reflux ratio. 
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ratio and minimum number of plates. These two asymptotes 
with a few stepwise calculations allow the entire curve to be 
sketched with sufficient accuracy for design purposes. 

Thus, in the benzene-toluene problem previously solved, the 
minimum reflux ratio is 



= 1.11 


0.95 “ 0.713 
0.713 - 0.5 


and the minimum miml)er of jjlates can be calculatcul by Fenske’s 
method. Using a relative volatility of 2.5, 

/ 4- 1 == ((h9_5/0^) (0.95/0.05) _ 

^ " log 2.5 

t = 5A plates . 

The results of stepwise cahailations are given in th(‘ following 
table and are plotted in Fig. 35. 


OID 

Thcorotical Plates 

1.11 

00 

1.5 

13 

2.5 

9.2 

3.0 

8.3 

5.0 

7.0 

9 0 

0 5 

QO 

5.4 


Feed -plate Location.— -One step between) the equilibrium curve 
and the operating line for the enriching section corresponds to one 
theoretical plate in the enriching section above the feed, and 
one step between the equilibrium curve and the other operating 
line corresponds to one theoretical plate below the feed. There- 
fore the step that passes from one operating line to the othc^r 
corresponds to the feed plate. Thus, in Fig. 36, when plates 
are stepped off down the operating line a5c, it is not possible to 
step on the operating line dhe until the value of x is less than the 
value corresponding to point e. However, as soon as the value 
of X is loss than c, it is possible to shift to the other operating 
line, but it is not necessary to do so at this value, since steps can 
be continued down ahe \mtil they are pinched in at c, but a valiu* 
less than c cannot be obtained unless the shift is made. The 
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step from one operating- line to the otht 
at some value of .r Ix'twt'oji th(^ 
values correspondiiiK t o c and e, and 
a change at any value within this 
range will give an operable design. 

In general, for a given reflux ratio, 
it is desired to carry out the rectifi- 
cation with as few plates as j)os- 
sible in order to reduce the plant 
costs; the minimum number of 
steps from a to d between the 
equilibrium curve and the operat- 
ing line is desired. This minimum 
number of steps is obtained by 
taking the larg(\st i)ossible steps at 
all points between a and d. It is 
obvious that for values between e 
and h larger steps will b(' obtained 
between the equilibrium curv(‘ and 
operating line ahc than would be 
obtained with operating line dhe. 


must therefore occur 
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Fkj. 35.- --ElToct of reflux ratio on 


number of theoretical plates. 

Likewise, for values between c and h larger steps will be obtained 



Fig. 36. — Diagram for limits of feed-plate comi> 08 ition. 


by using line dbe than by using ahc. Therefore it is desirable to 
use operating line ahc for values from a to 6, and line dhe for values 
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between d and 6; and by making the feed plate, i.c.j the shift 
from one line to the other, straddle the value fe, the minimum 
number of theoretical plates will be obtained for the operating 
conditions chosen. If a step happens to fall directly on b, then 
the feed may be introduced either at b or on the plate below 
without changing conditions. 

Partial vs. Total Condenser. — In the foregoing discussion the 
column was assumed to be operating with a total condenser, 
i.e.j a condenser that completely liquefies the overhead vapor and 
returns a portion of the condensate as reflux, removing the 
remainder as product. However, partial condensers are quite 
frequently used in commercial operations, especially where com- 
plete liquefaction of the overhead would be difficult. In this 
case, only enough condensate for the reflux to the column may 
be produced, and the product is withdrawn as a vapor. In other 
cases, mixtures of vapor and liquid are withdrawn. F'or example, 
in gasoline stabilizers employed by the petroleum industry, where 
the overhead contains appreciable percentages of methane, ethane, 
and ethylene, together with C3 and C4 hydrocarbons, in order 
to condense the methane and C2 hydrocarbons, very low tem- 
p(^ratun^s would be required with resulting high refrigeration 
costs. However, sufficient of the C3 and C4 hydrocarbons can 
be liquefied at moderate temperatures and pressures to serve as 
reflux, and the remainder of the overhead containing a large 
portion of the Ci and C2 hydrocarbons can be removed as vapor 
and sent to the gas lines. 

A partial condenser may operate in any of several ways. 

1. The cooling may be so rapid and the contact between con- 
densate and uncondensed vapor so poor that essentially no trans- 
fer of components back and forth is obtained, with the result that 
the condensate and uncondensed vapor are of the same composi- 
tion. (This is possible if part of the vapor condenses completely 
and the balance does not condense at all.) In this case, the 
partial condenser is equivalent to the total condenser with the 
exception that the product is removed as vapor instead of as 
liquid. 

2. The vapor product may be in sufficiently good contact with 
the returning reflux for the two to be in equilibrium with each 
other, in which case the partial condenser acts as a theoretical 
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plate, and one less theoretical plate may be used above the feed 
plate in the column when this condition exists than when a total 
condenser is employed. Such a condition can be approximated 
by requiring the overhead vapor to bubble through a pool of 
reflux to the column. 

3. The vapor is differentially condensed, and the equilibrium 
condensate continually removed, giving a differential partial 
condensation. Alternately, the vapor may be condensed on ver- 
tical tubes such that the condensate flows countercurrent to the 
rising vapor, and fractionation occurs between the vapor and 
condensate. Theoretically such condenser can be made equal 
to a number of theoretical plates; however, actually such condi- 
tions are seldom employed, since to obtain efficient transfer of 
components from vapor to liquid, low rates of condensation per 
unit area are required, thus necessitating large and costly con- 
densers, and, in general, it is found more satisfactory and cheaper 
to obtain additional rectification by adding more plates to the 
column and using a condenser to produce condensate rather 
than make it perform composite duties. 

Actual partial condensers usually operate somewhere between 
cases 1 and 2. For an absorption naphtha stabilizer, Gunness (6) 
(see page 199) found good agreement with case 2. In actual 
design calculation, the conservative assumption is to assume 
operation as in case 1, and any fractionation that does occur will 
act as a factor of safety; with ordinary condenser design, with 
the most optimistic assumption, not more than one theoretical 
plate should be taken for the partial condenser. 

Open vs. Closed Steam. — When rectifying mixtures in which 
the residue is water and in some cases where the mixture under- 
going fractionation is immiscible with water, the steam for heating 
may be introduced directly into the still. Such a procedure may 
materially reduce the temperature and pressure of the steam nec- 
essary for the distillation by giving in effect a steam distillation. 

Considering the distillation of an ethyl alcohol water mixture, 
the operating line when a closed steam heating is used was shown 
to have a slope of (O/F)^ and to pass through the y — x line 
at X = Xw In Fig. 37, a column operating with S mols of live 
steam is shown. A material balance between the m and m + 1 
plate gives 



102 


FRACTIONAL DISTILLATION 


+ S = V,n+W (14) 

and with tiic UHual sijiiplifying aHsumptions, S would equal Vm, 
making 0 — W. An alcohol balance gives 







This is an operating line of slope 0^/ but eit x = x is equal 
/ W \ . 

to ( ^ Si instead of and at x equal to y becomes zero 


corresponding to the composition of the vapor (steam) to the 
bottom plate. For a given 0/D and feed 
condition, Om/Vm must be the same whether 
closed or open steam is used, so that the 
lower operating line must cross the y — x 
diagonal at the same x value in both cases, Xw 
for the live steam being lower than for 
closed steam because of the dilution effect of 
the steam. In stepping off theoretical plates, 
the step must start at y = 0 and Xy, \ i,e., in 
Fig. 38, the bottom plate corresponds to the 
step ahc. In such a case, the introduction of 
live steam can eliminate the still, but it 
dilutes the bottoms and requires more plates 
in the lower section of the column. Since 
the steps in the case of live steam start lower, 
it always requires at least a portion of a 
step to come up to the intersection of the operating line and 
the y — X diagonal, and more plates are required with live steam 
than with closed steam. In Fig. 38, about 13^ more plates 
would be necessary. 

As an example of using open steam to obtain a steam distilla- 
tion, consider the steam stripping of an oil containing 2.54 mol 
per cent propane at 20 lb. per square inch. The temperature 
will be maintained constant at 280®F. by internal heating. The 
molecular weight of oil may be taken as 300, and 4 mols of steam 
will be used per 100 mols of oil stripped. It is desired to estimate 
the number of theoretical plates necessary to reduce the propane 



Fig. 37. — Diagram of 
column using live 
steam. 
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content of the oil to 0.05 mol per cent. The oil may be assumed 
nonvolatile, and the vapor-liquid relation of the propane in the 
oil may be expressed as ?/ = 33.4a:. 



Fio. 38. — McCabe and Thiele diagram for case of live steam. 


100 mok OH 
2.6mokZYA^ 


hJ. 


4 mo Is Sfeam 


n 


Z.SSmo/s C 3 H 3 
4 mo/s Steam 


It is obvious that the mols of vapor will in (Tease up the tower, 
since the steam does not condense under the conditions given, 
and the propane vaporizes into it as 
it passes up the tower. This will 
cause 0/V to vary through the 
tower, and points on the operating 
line must be calculated, since it will 
not be a straight line. This is 
easily done by taking a basis of 100 
mols of entering oil, for which the 
terminal conditions are given in Fig. 

39. Now, assume that the liquid 
flowing down the tower at some 
position contains 1.3 mols of CsHs. 

The vapor at this point must then 
contain 1.25 mols of CsHs, giving Xn+i == 1.3/101.3 = 0.0128 
and 2/n == 1.25/5.25 = 0.238. In a similar manner, other 
values on the operating line are calculated and plotted in Fig. 40 


Fiu. 39.- 


lOOmols Of I 
0.0 S mo/s C 3 H 0 
Figure for illustration. 
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together with the equilibrium curve, and a little more than six 
steps are required to give the desired stripping. 

Side Streams. — Side streams are removed from a column most 
often in multicomponent mixtures; liowever, they are occasionally 



used in the distillation of binary mixtures. Thus, a plant sepa- 
rating alcohol and water might have uses for both 80 and 95 per 
cent alcohol mixtures, which of course could be produced by 
making only 95 per cent alcphol and diluting with water to pro- 
duce the required 80 per cent; or alternately liquid could be tapped 
off of a plate in the colqmn on which the concentration was 
approximately 80 per cent. The proper plate in the tower can 
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be determined by constructing the usual operating lines. Fig- 
ure 41 illustrates the removal of a liquid side stream L. Con- 
sidering this figure and making the usual simplifying assumptions, 
the operating line above the side stream is, as before, 




Xn-\-\ + 


Dxr 


A material balance around the top of the column and some 
plate between the feed plate and the 
side-stream plate gives 


*'■ = ( t ), 


Xg+i + 


Lxl + Dxd 


(15) 




lOn tv„ 



iOs fVs 
















W 

/ { { { <'t 

Fig. 41. — Diagram of continuous 
column with side stream. 


The operating line above the side 
stream passes through y — x — Xd 
and has a slope of {0/V)ny while the 
operating line below the side stream 

, Lxl + Dxd 

passes through y — x — — 

(f.e., the molal average composition 
of the product and side stream) and 
has a slope (O/F),. Since Xl is less 
than Xd and 0« is less than On, 

(0« = 0^ — L) \ this latter operating 
line will cross the y — x diagonal at 
a lower value than the upper operat- 
ing line and will have a flatter slope. The two operating lines 
will intersect at x = Xl. Figure 42 illustrates these lines. 

Theoretical plates are stepped off in the usual manner, using 
the operating line between ac from a to c, the operating line bcf 
from c to some value between e and /, and then the line edg 
from there to g. Although the feed plate may have any com- 
position between e and / and the feed-plate step may be made at 
any value between these two, the side-stream step must fall 
exactly on c. This is because the feed can be actually introduced 
into plated of different composition, but a side stream has to be 
of the same composition as the plate from which it was with- 
drawn unless a partial separation of the side stream is made 
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jiiid a portion returned to the column. By altering tlie reflux 
ratio slightly, the step can be made lo fall very close to c. 

Unequal Molal Overflow. — The usual simplifying assumptions 
are applicable in most cases, but occasionally a mixtun^ is encoun- 
tered in which su(^h assumptions are not justified. Sorel treated 
the problem by making a heat balance on each plate, but such 
calculations are time consuming. In those cases in which th() 



sensible heat differences and the heats of mixing are negligible, 
but for which the heats of vaporization of the two components 
are different, the approximate solution can be obtained by using 

Qn ^ Vr\ynil “f* (1 2/«)^'2] 

where Qn is the latent heat of the vapor rising from the nth 
plate; f.c., ii and t2 are the latent heats of the more and less 
volatile components, respectively. Neglecting heat losses and 
changes in sensible heat, Q„ is the same at every section above the 
feed plate. By rearrangement, 


Qn 

ydl + (1 ~ ^^n)^2 


Vn - 


(16) 
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where Vn is a constant only if ii = 22 ,* if these two values are 
not equal, then Vn is a function of 2 /;,,. By starting at the con- 
denser for a given 0/D, the vapor from the top plate is known. 
Using the values of V and y for the top plate, Qn is calculated. 
This value of Qn is then used with an assumed value of yn to 
calculate Fn. The overflow corresponding to this vapor is cal- 
culated by On-fi = F„ — D; the assumed value of 2 /„ with the 
calculated values of Vn and On+i allows the determination of 
by Eq. (2a). By performing this calculation at several 
assumed values of yn, a curve of the calculated Xn+i values may 
be plotted vs. the assumed yn values on the y-x diagram to give 
an operating line that may be used in the same manner as the 
operating line based on constant O/V . 

In the same manner, below the feed 


V 


m 


Q„. 

2/m^l "f" (1 ym)'i'2 


(17) 


The operating lin(‘ for the lower portion of the column is 
plotted by assuming values of ym and calculating values of Xm+i. 
The assumed values of ym and ijn do not have to correspond to 
the concentration above any actual plate, since they are simply 
used to construct the operating line. 

Method of Ponchon and Savarit. — Ponchon (12) and Savarit 
(13) developed a graphical method to correct for the variations 
of the molal overflow. 

Equations (1) and (2) are combined with the following heat 
balance : 


to give 


VnHn = VtHt + On^lh n+1 ~ Onkn 

X D X n4- 1 ^ D y n 

M -hZTi ~ H„ 


(18) 


where M equals (^ + Ak, which gives the operating 

equation 


Vn 


M — H n II n hn^l 


(19) 


Equation 18 can be represented graj)hically on a heat-composi- 
tion diagram; e.g., in Fig. 43, the molal enthalpy of the vapor and 
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liquid are plotted vs. the vapor and liquid composition, respec- 
tively. Now, if a point with ordinate M and abscissa Xd is 
plotted, and a straight line cutting the curve at a corresponding 
to Xn-Hi, then h — a \h Xd — Xn+i and c — a is M — hn+u and by 
similar triangles e — c must be Af — Hn and d — c must he Xd — Vn- 
Thus, a straight line drawn through M to the liquid enthalpy 
curve at any value of Xn+i will cut the vapor curve at a mol 
fraction yn corresponding to the vapor rising from the plate 
below. From this vapor composition and equilibrium data, 



X or y 

Fig. 43. — Heat-balance diagram. 

Xn are determined and plotted on Fig. 43 and the line ef then 
gives 2/n-i; such a procedure may be continued down the 
column. 

Such a diagram can be used to construct operating lines for 
the usual y-x diagram. Thus, by drawing several straight lines 
through e, the abscissas at which this line cuts the vapor-enthalpy 
and liquid-enthalpy curves are the ordinate and abscissa of a 
point on the operating line. Actually, the heat diagram and 
the y-x diagram can be combined, but it is generally more con- 
venient to use the diagrams separately to avoid confusion. 
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This method of calculation has the advantage that the H and 
h curves can be constructed to take account of heat of mixing, 
sensible heats, and variation of latent heats. 



44.— Heat-balance diagram. 


Below the feed plate, a similar analysis using 

= Vn.+ W 
Om+l^rn-^-l ~ Vmym “f* 

+ Q, = VynHm + Wku^ 

gives 



where Q, is the heat added in the still. This equation may be 
plotted in the same way as Eq. (18). 

Thus, in Fig. 44, where the point (k «, — is plotted on 

the enthalpy diagram, Eq. (20) gives the relation that a straight 
line through this point will cut the vapor and liquid enthalpy at 
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abscissa values corresponding to ym and Xm+i, respectively; and 
by drawing several such lines, sufficient coordinates can be 
obtained to construct the operating line for the lower part of 
the column. 

On Fig. 44, the point M, Xd is also shown, and it can be shown 
that the enthalpy of the feed and the feed composition must give 


85.8Smols 927oN2,p=l 
t=l5‘‘C,H=3l30 


(4.l5mols99.97o02 ,p= 
t=l5°C.,H-3IIO 

100 mols a\r 
t>20°C. 
p^ZOatmos 
H = 3I20 


lOOOcal ^ I 

Refr igeroition 


Heat Loss- 
IVo 




14.15 mols 99.9 7 o 02 
p=l,t=-I82 95‘’C. 
H = I730 


85.85 molsl 
957. N2 
P-.I 

H = I650 


yyyy y y 




100 mols air 
p-ZOatmos 
H = I600 

9.6 7o Liquid, 90.4 7o Vapor 

Fig. 45. — ^Liquid-air distillation. 


100 rnois 
pH 
h = 330 
t--l85X. 

94 37o Liquid 
5.7% Vapor 


100 mofs 
Air 

t --178^0. 
p=Z0 
h = 330 


a point that falls on the straight line connecting Xn, M, and 

/ qA 

[hu ~ Thus, fixing the reflux ratio fixes Af, and the line 

through the point Af, xd, and the feed intersects the vertical line 

through Xw at determining the heat load on the still. 

Although these heat diagrams can be used to determine the 
number of plates for a given separation, minimum reflux ratio, 
minimum number of plates, and otluT problems, it is generally 
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8ini])lor to use such a diagraiu to construct the operating lines 
on an ordinary y-x diagram and then to proceed in stepwise 
manner. 

The heat-balance method is ai)plied to the exampk^ given in 
Fig. 45. Since the liquid-air fractionation involves only the 
stripping tower, the enthalpy diagram is for the lower portion 



Fio. 46.— Heat diagram for liquid-air separation. 

and is given in Fig. 46, The table at the top of page 112 gives 
values of t/n calculated at assumed values of for constant 
0/V and by heat balance using the data of Keeson (7). 

The values of yn calculated by the two methods agree within 
the accuracy of the data and the calculations. The operating 
line is plotted in Fig. 47. Logarithmic plotting is used so that 
the steps can be satisfactorily made in the low-concentration 
region. Nine theoretical plates in addition to the still give the 
desired separation. The y-x data are those of Dodge and 
Dunbar (4). 



Mol Fraction in Vapor 
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1 

Calculated ?/„ 

Constant ()/V 

1 Heat lialance 

0.001 

0.001 


0.002 

0.00218 


0.004 

0.0045 


0 01 

0.0116 


0.02 

0.0233 

0.024 

0.04 

0.0468 

0.048 

0.1 

0.1175 

0.12 

0.2 

0.235 

0.24 

0.4 

0.470 

0.475 

0.6 

0.705 

0.71 

0.8 

0.94 

0.94 



Fro. 47. — x-v diagram for liquid-air separation. 
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The following table also gives calculated yn values for other 
systems. 


Ot-N^i AT 10 Atmospheres 



//« (;alciilated 



Heat balance, 


Constant O/V 

data of Bosnjak- 



ovic (2) 

1 .0 

1 .0 

1 .0 

0.9 

0.955 

0.953 

0.8 

0.91 

0.91 

0.7 

0.865 

0.867 

0.6 

0.82 

0.823 

NHa-HaO AT 10 Atmospheres 


//„ calculated 

a:H,i 


Heat balance, 


Constant O/V 

data of Bosn- 



jakovdc (2) 

0.1 

0.701 

0.705 

0.09 

0.624 

0.625 

0.08 

0.547 

0.547 

0.07 

0.47 

0.46 

0.06 

0.393 

0.385 

0.05 

0.316 

0.305 


Of the preceding calculations, only the case of ammonia water 
gave any appreciable difference by the heat-balance method as 
compared to the constant-O/F method. Even for NH3-H2O, 
the results probably agree within the accuracy of the heat data. 
However, it should not be concluded that 0/V is constant in all 
cases. When large quantities of heavy, essentially nonvolatile 
constituents are present, such as in gasoline debutanizers, the 
sensible heat of these components may be large enough to affect 
0/ V materially ; also in operations where large heats of mixings are 
involved, such as the concentration of nitric acid by distillation 
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in the presenee of sulphuric acid, a variation of 0/V would be 
expected. 

Analytical Equation for Finite Reflux Ratio. — Fenske's method 
for total reflux is rapid and convenient for mixtures in which a 
does not vary too widely, and it is dc^sirable to have a comparable 
method that is applicable at other reflux ratios. Two basic 
equations were us(5d in tlie total reflux derivation, viz.y 


and 



The first of these two equations is true at any reflux ratio, 
but the latter is true only at total reflux. However, new variables 
may be defined such that 



and 



n+l 


and it is obvious that the equation developed from these will be 
identical in form with the P'enske equation. Thus, above the 
feed 


log 


( 21 ) 


It remains to relate the new variables to the usual.variables, and 
this is done by the use of the following relations; < 



n-f-1 ”1~ 

yx + 2/^ = 1 
Xa + Xb — 1 
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Smoker (14) has obtaint^d a set of solutions t() fh(?se eciuations, 
and the ones tabulated below are equivalent to his published 
values. 


^ Rn 


where 


An 


m) 


= XA: 


Dxd 

6{8'^\y 

[(a - l)/a]S 
[{SH)]aV) - 11' 


•Un 






/ _ 2(D/0)xn{a - 1) _ 1 

c = 1 . „ i“(M) r'l - W/0)M<y- i)f 

' u'\ 

r V [a(V/a) - ] - iD/6)x,>ia - 1)]“/ 


Similarly, below tlie feed, Om and Vm are used instead of 0 and F, 
and —Wxu’jOrn instead of Dxd/O. 

Thus, for the benzene-toluene rectification })roblems of page 
87, in which an equirnolal mixture was fractionated into a prod- 
uct containing 95 mol per cent benzene and a residue containing 
5 mol per cent benzene with 0/Z> = 3, and the feed heated such 
that the mols of vapor above and below the feed were equal, 
above the feed these conditions give >S == 2.552, An == 1.95, 
^'AD = 0.746, x'^j, — 0.296, = 0.132, x'^^y = 0.856, giving 

_ log (0.746/0.296) (0.856/0. 132) _ 
n - . jogl.95 

Below the feed, TF/0 = 1^, V /O — making the appropriate 
changes in the equation gives S = 2.03, Art — 2.06, = 0.510, 

^'Aw = 0.0597, x'sp = 0.214, and x^w = 0.731, giving 

log (0.510/0.0597) (0.731/0.214) _ 

^ + 1 fog 2 ^” “ - 

The 1 is added to the left-hand side of the equation to compensate 
for the enrichment in the still. The total theoretical plates 
required equals n + m = 8.1. This compares with 83 3 estimated 
by the stepwise method (page 89). 
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These equations are exact solutions for the case of constant 
relative volatility and constant molal reflux ratio. In general, 
it is more accurate than the graphical method unless the loga- 
rithmic plot is used; however, it is equally time consuming for 
designs involving a moderate number of theoretical plates; and 
for cases for which several reflux ratios are to be studied for the 
same design conditions, the graphical method is usually the 
simplest to carry out. For designs involving a large number of 
theoretical plates, the analytical method is much simpler, but 
even here the calculations must be of high precision, since for 
this case the difference of two large numbers of approximately 
equal magnitude is involved. If the components are chosen 
such that the relative volatility is less than 1, the S equation 
must be modified by changing the minus sign before the square 
root to positive. 

Lewis’s Method. — Lewis (8) expresses the rate of increase of 
concentration of the liquid in the column from one plate to the 
next by the differential dx/dn\ therefore, 

The material-balanc^e equation 

F nl/n ~ Dx o 

can be written, using V = 0 + D, 

yn = Xn+l + g(x,> - Vn) 

From Eq. (22), 


dn 1 1 


dx x„+i - x„ „ _ „ _ D, _ 

Vn Xn Q yn) 


(23) 


The integration of this equation gives the number of theoretical 
plates between the x limits chosen; thus, the number of theo- 
retical plates above the feed n is 




n 




(24) 
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Similarly, below the feed the theoretical plates m becomes 



The equilibrium y-x curve gives the relation between 2/n and 
Xn and 1/m and Xm'y thus by assuming values for Xn, values of i/„ 
can be obtained from the equilibrium data, and 

1 

Vn- Xu - giXD - Vn) 


can be calculated and plotted vs. the assumed values of x. The 
area under such a curve from Xf to Xd is the numj:)er of theoretical 
plates by the Lewis method. 

Although this method is based on a continuous rate of con- 
centration instead of the actual stepwise concentration increase, 
the error involved is not serious when the change in concentra- 
tion per plate is small. This latter condition is generally true 
when the number of plates involved is large. 

When the relative volatility is reasonably constant over the 
range of concentrations involved, the equilibrium curve may 
be approximated by the relative-volatility relation (see page 50) 

^ 1 + x(aav. — 1) 

and the foregoing equation may be integrated directly, avoiding 
the necessity for the graphical integration. Thus, for total reflux 
at which D/0 = 0 and {F — D)/(0 — pF) == 0, the foregoing 
equations give 

where n + m is the total number of steps including the still step 
and any condenser enrichment. Noting that In a for values of 
a near to 1 is approximately equal to (a — 1) makes the fore- 
going equation approach Fenske's equation for total reflux; but 
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for values of a widely different from 1, Fenske^s equation is the 
more satisfactory. For example, with a = 1.07 and Xd = 0.96 
and Xw = 0 . 033 , the true value of the number of theoretical 
plates as given by Fenske\s equation is 93.5 and by Eq. (26), 97 , 
However, Fenske’s equation is applicable for total reflux only 
while the Lewis equation can be integrated for finite reflux ratios. 
Thus Eq. (24) can be integrated to give 


n 




(o^p + hxu + c\ 
hxf + cj 


(27) 


where a = (1 — a); 5 = { (a — 1)[1 — (D/0).r/>] + aD/O}; 

c = ^(D/0)xo 


A = 


b — \/b^ — 4ac 
2a 


and 


B = 


b + \/b- — iac 
2a 


A similar equation is obtained below the feed with —WlOm 
replacing D/0, — (TF/0m)x„, replacing {D/0)xd, and using x/ 
instead of Xd and x^, instead of xy. 

The integrated equations are most useful in cases where the 
number of plates is large and the graphical method would be 
long and tedious. 

The use of these methods will be considered in the following example: 

Consider the rectification at atmospheric pressure of an aqueous solution 
containing 20 mol per cent ethanol into a product containing 75 mol per cent 
ethanol and a residue containing 2 mol per cent ethanol. For this separa- 
tion, consider the following calculations, making the usual simplifying 
assumptions : 

1. Minimum reflux ratio for liquid feed at SOT. * 

2. Minimum number of plates. . 

3. Comparison of all vapor feed (p — 0) with liquid feed at 80®F. for a 
reflux ratio oi 0/D = 5. 

4. Effect of feed-plate location. 

5. Comparison of closed vs. open steam. 

6. Comparison of partial vs. total condenser. 

7. The withdrawal of 20 per cent of the entering ethanol as a side stream 
containing 50 mol per cent ethanol. 
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In addition, a calculation by the heat-balance method will be made for a 
liquid feed at 80°F. for a reflux ratio of 2. In all of the calculations, O/D 
has been chosen such that the number of plates will be few and the graphical 
design of satisfactory accuracy. 

Basis: 100 11). inols of. feed: 

By over-all material balam^es: 

20 = 0.75/i + 0.02ir 

= 0 75(100 - ID -h 0.021F 
= 0.75 - 0.731F 

W = = 75 4 

0.73 
24. r> 


1. Minimum reflux ratio with licjuid feed at 80°F. 

Using the (mthalpy data of Bosnjakovic (2) for tla^ 20 per cent solution, 


Aso — 15kg cal. per kilogram 
H nat. vapor — 490kg cal. p(‘r kilogram 
Latent heat = 418kg cal. per kilogram 

This gives a value of p = ~ —1.137 

Thus, for the intersection of tlie operating lines by Kq. (7), 

-1.137 , 0.2 

“0.137^* -0.137 

- S.28X. - 1.46 

The .v-j* diagram for ethanol water of Lewis and Carey (9) is given in Fig. 48. 
The upper operating line becomes tangent at a before the intersection 
meets the equilibrium curve, and the minimum reflux ratio is dictated by this 
tang(*ncy. The sIoj)e of this line giv(w 


O ^ 0.75 - 0.542 

V 0 . 75 - 0:24 


0.408 


q ^ 0.408 
1) 0.592 


0.090 


2. Minimum number of plates at total reflux. 

a. By stepping down the y — x diagonal in Fig. 48; about 4^3 steps are 
required. If a still and total condenser are used, this would correspond to 
theoretical plates. 
h. Fenskc's equation: 
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since the variation is so large because of the abnormal mixture in question. 
The geometric mean will be used: 

a„. = V'(1.203)(9.3) = 3.08 

. L 1 _ log (0.75/0.25) (0.98/0.02) , ,, 

* + ^ 

t = 3.45 theoretical plates 

which is in very good agreement with the stepwise calculation, especially 
when the wide variation of relative volatility is considered. An arithmetic 
average for ot would have given a result somewhat too low. 



Fio. 48. — Figure for minimum reflux ratio. 

3. Comparison of all vapor feed (p = 0) with a liquid feed at 80°F. for a 
reflux ratio of 0/D = 5. 

The operating lines for these two conditions are given in Fig. 49. The 
lines ahc are for the cold feed, and adc are for the vapor feed. For the cold 
feed, 5H steps are required, while for the vapor feed, about six steps are 
required. The fewer steps are obtained for the cold feed because of the 
higher heat consumption in the still. 

4. Feed-plate Location. Considering Fig. 49 and the operating lines 
for the cold feed, it is obvious that the change from one operating line 
to the other cah be made at liquid compositions between x = 0.02 and 
X ~ 0.42. However, the steps will be large if the change is made near to the 
intersection b. 

5. Closed Steam vs. Open Steam. Consider the cold-feed conditions of 
part 3, Figure 60 is an enlarged section of the lower portion of the y-x 
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0.3 







122 


FRACTIONAL DISTILLATION 


diagram. SiiK^e live steam is added, tlie eoneoiitnitioii of the bottom will 
be diluted. Extending the operating lint* to // = 0 giv(‘s = O.(KX) at 
point d. In the case of the closed steam, steps an* started at c, and the step 
corresponding to the still is shown in Fig. 50. With op(;n sbiam, the steps 
are started at d, and the first step is shown. Morf^ steps are required for 
live steam because of its diluting effect in the still. 

6. Partial Condenser vs. Total Condenser. If no enrichment takes place 
in the partial condenser, the residts are the saim^ except that the partial 
condenser gives a vapor product instead of a licpiid product. If the partial 



Fig. 51. — Diagram for oolumn with side stream. 


condenser gives enrichment equal to one theoretical plate, then the first 
step down from xd in Figs. 48 and 49 corresponds to the partial condenser, 
and one less theoretical plate is needed for the column. 

7. A side stream of 20 per cent of the entering ethanol is withdrawn as a 
liquid containing 50 mol per cent ethanol. Consider the case of a liquid 
feed (y; = —1) and 0/D = 3. 

Since 4 mols of ethanol is in the side stream, the side stream will total 
8 nio l^s. 

16 = 0.75D + 0.02ir 

= 0.75(92 - MO + 0.02 IF 
= 69 -> 0.73IF 
W = 53/0.73 « 72.6 
D = 19.4 


giving On =» 58.2 and Vn == 77.6. 
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After the withdrawal of the side stream,- 

0« = 50.2, and F. » 77.6 


The diagram for these conditions is given in Fig. 51. Starting at 
xd = 0.75, the operating line acd for the upper section of the tower is 
drawn with a slope equal to 0/V = 58.2/77.6 = 0.75. The operating 
line between the sidci-stream drawoff and the feed plate will hav(‘ a slopes 
equal to 50.2/77.6 = 0.648 and will pass through the y — x diagonal at 


Lxl -f Dxd _ 8(0.5) + 19.4(0.75) 
L + D ~~ 8 4- 19.4 


or at 0.677. 


This operating line her 


will also cross the operating line acd at x — xl = 0.5. The operating line 



Fig. 62. 


hce and the operating line below the feed Je will intersect on the vertical line 
through zf. The three operating lines are drawn in this manner on Fig. 51. 
Plates are stepped off starting at xj), using the operating line acd down to c, 
after which the operating line hce is used from c down to V)elow e, and then 
the operating line fe is used to Xw. Starting at Xw, the first step corresponds 
to the still; and since the next step straddles zr^ this step is the feed plate, 
the concentration on the feed plate being 0.09 mol per cent ethanol. The 
second theoretical plate above the feed plate is the plate from which the 
side stream is removed, and then two theoretical plates above the side- 
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stream plate together with the total condenser complete the column. Thus, 
five theoretical plates, a still, and total condenser are required for the 
separation. 

A comparison of the heat-balance method will be made with the constant 
0/V method at a reflux ratio of 2, using a still and total condenser. The 
feed will enter at 80®F. The results will be used on a logarithmic plot to 
amplify the lower portion of the curve. Since the operating lines are not 
straight, coordinates will be calculated and plotted on Fig. 52. 
a. Constant rnolal overflow for the enric’hing s(;ction : 

?/„ = 0.667x„+i -f 0.333(0.75) = 0.667a;„ ^ + 0.25 
for the exhausting section: 

ym = l.S5Sxm^i - 0.853(0.02) = 1.853x^.^, = 0.0171 


Xn+l 

Vn ! 

, . 1 

X-m + l 

l/nc 

0.75 

0.75 

0.02 

0.02 

0.7 1 

0.716 

0.04 

0.057 

0.6 

0.65 

0.06 

0.094 

0.5 

0.584 

0.10 

0.168 

0.4 

0.517 

0.15 

0.261 

0.3 

0.45 

0.2 

0.354 

0.2 

0.385 

0.25 

0.446 

i 


h. Heat balance. — The enthalpy data for the saturated vapor and lic^uid 
given by Bosnjakovic are plotted in Fig. 53. The point A corresponds to 
xd and M, where xd — 0.75 and 

^ “ (s 0^"" ~ ( 5 )^* = (2 + 1)11,550 - (2)(2,000) 

= 34,650 — 4,000 = 30,650 cal. per gram mol. 

Point B corresponds to the feed condition, and point C is determined by 
drawing a line through A and Bj the intersection of wnich with the vertical 
line through xw is C, 


Xn+l 

Vn 

Xm + l 

Vtn 

0.75 

0.76 

0.02 

0.02 

0.7 

0.716 

0.04 

0.056 

0.6 

0.65 

0.06 

0.095 

0.5 

0.582 

0.10 

0.170 

0.4 

0.52 

0.15 

0 262 

0.3 

0.452 

0.20 

0,358 

0.2 

0.385 

0.25 

0.453 
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The values of yn and Xn+\ in the table at the bottom of page 124 are deter- 
mined by drawing lines through A^ the intersection with the vapor line being 
yn and the intersection with the liquid line being Xn+i. EF is one such line, 
giving yn = 0.65 at Xn^i — 0.6. Other values are obtained in the same 
manner. Below, the feed values of ?/« and ym+\ are obtained in the same 
manner, using the point C. 



A comparison of the values in this table with those obtained for constant 
molal overflow in part a shows that the values are almost identical, indi- 
cating that a constant molal overflow is satisfactory for a mixture as abnor- 
mal as ethanol and water. It is obvious that both methods will give the 
same number of theoretical plates, since they give the same operating lines. 
Figure 52 indicates about 4.8 theoretical plates in addition to the still and 
total condenser. 

Packed Towers. — Packed towers can be used in frac tional dis- 
tillation as well as bubble-plate columns. Instead of bubbling 
through a pool of liquid as in a bubble-plate tower, the interaction 
between vapor and liquid can be obtained by causing the reflux 
to flow over the surface of the packing material while the vapor 
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flows up through the voids of the packing in the tower. The use 
of packed tower is generally limited to towers of small sizes or to 
special distillations such as the concentration of nitric acid. 
In small laboratory and pilot-plant size, the packed tower neces- 
sary for a given separation is, in general, less expensive than a 
corresponding bubble-plate tower; but in large diameter, the 
reverse may be true. Aside from the economic aspects, packed 
towers are easily constructed and can be made of noncorrosive 

refra(‘tory earthenware, glass, 
and carbon as well as the usual 
metals used in bubble-plate 
tower construction. They have 
tlie disadvantage that it may be 
difficult to clean the tower with- 
out completely dismantling the 
unit, and often they channel 
badly; f.c., the licpiid flowing 
down the tower segregates on 
one side while the vapor passes 
up the other. In such cases, the 
efficiency of contacjt between 
liquid and vapor is very poor. 
The packed towers, in general, 
have very low pn^ssure drops 
Fig. 54.— Schematic diagram for from top tO bottom relative to an 
packed tower. Pquival<;nt, b.ibble-plate tower. 

For tower packing, a wide variety of materials have been used, 
e.g., coke, stone, glass, earthenware, carbon and metal rings, 
wood grids, jack chain, carborundum, and metal and glass 
helices, as well as a large number of other packings including 
many manufactured packings of special shapes. 

Design of Packed Tower. — The interaction between vapor and 
liquid in packed towers is true countercurrent rather than the 
stepwise-countercurrent process of a bubble-plate tower with 
theoretical plates. Instead of finite steps, the true counter- 
current action should be treated differentially. Consider the 
schematic drawing of the packed tower in Fig. 54. Let 0 be 
the mols of overflow; V the mols of vapor; x and y the mol 
fraction in the liquid and vapor, respectively, n distance above 
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and m distance below the feed. Focusing on the differential 
section V{dy/dn) must equal 0{dx/dn) for each component, 
and this transfer must be due to an exchange of components 
back and forth between the liquid and vapor. This transf(T is 
due to the facd. that the vapor and licjuid at a given cross section 
are not in equilibrium with each other, and the rate of transfer* 
will })e proportional to the distance from equilibrium; thus, 

iy* - 2/) = {x-x*) (28) 

where k and k' are proportionality constants, A is the area per 
unit height, y* is the vapor in eciuilibrium with x, and x* is the 
liquid in equilibrium with y. PVoin which 


_ Vn dy ^ On dx_ 

Avl = y* - y = - :r* 

Below the feed 


(29) 


= I/* - 2/ At'.d - X* 


(30) 


where x^, 2// are the liquid and vapor compositi( iis in the tower 
at the level at which the feed is introduced, and is the liquid 
concentration at the bottom of the packed section. 

A material balanc^e above the feed gives 



By assuming values of y, values of x can be calculated by 
Fq. (31), and these used in Eq. (29) together with equilibrium 
data to evaluate the integrals. A similar material balance below 
the feed can be used with Eq. (30). The equilibrium curve 
and the material-balance equation can be plotted on the y-x 
diagram, and x* — x or t/ — y* read directly. In Fig. 55 is 
plotted the y-x equilibrium curve of benzene-toluene. 

Consider the separation of an equimolal mixture of benzene 
and toluene into a product containing 95 mol per cent benzene 
and a residue containing 5 mol per cent benzene. An 0/D of 3 
will be used, and the feed will enter heated such that the mols 
of vapor above and below the feed are the same. The usual 
simolifying assumptions will be made. 
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The operating lines are identical with those for the stepwise 
diagram. The vertical distance between the equilibrium line 
and the operating line is y* — y, and the horizontal distance 
between the operating line and the equilibrium line is x — x*. 
In general, the integration must be performed graphically, 
although in cases where the equilibrium curve can be expressed 
as an algebraic relation between y and x the integration can be 
carried out algebraically, but the resulting equations are often 
complex and involved. 



From Fig. 55, values oi — y are read at various values of y. 
Such values are tabulated in the following table. 


y 

y * - y 

1 

{ y * - y ) 

0.615 

0.098 

10.2 

0.7 

0.100 

10. 0 

0.8 

0.090 

11.1 

0.9 

0.043 

23.2 

0.95 

0.028 

35.7 


Values 
The area 


of calculated and plotted vs. y, 

under this curve from y = 0.615 to y — 0.95 is equal 
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values 7 ~ ir~: Z ~y) V plotted in Fig. 56. The value of 

A similar 


to kAn/V; so that if kA is known, n can be calculated. The 
_ 1 

(y 

dy 

( is the shaded area which is equal to 5.35. 

procedure is used below the feed, and alternately the x — x* 
values may be used. 

The only satisfactory method of evaluating kA and k'A is the 
use of actual test data on a packed 
column similar to the one under con- 
sideration for which n is known, thus 
allowing kA or k'A to be calculated. It 
should be possible to correlate such 
experimental coefficients by dimension- 
less groups involving the flow^ condi- 
tions, packing, properties of the system 
under consideration, and other similar 
variables, but at present very lit tie prog- 
ress has been made along such lines. 

Height Equivalent to a Theoretical 
Plate. — In general, the graphical cal- 
culation involved in the design of a 
packed tower is more tedious and time 
consuming than the stepwise procedure 
used for plate towers. Actually, the 
equilibrium curve and operating lines 
on the y-x diagram are identical for the 
two cases, and one of the most common methods of designing 
packed towers has been to determine the number of theoretical 
plates required for the separation by the usual stepwise method 
and then to convert to the height of the corresponding packed 
tower, by multiplying the number of theoretical plates by th(^ 
height of packing equivalent to one theoretical plate. This is 
abbreviated to H.E.T.P. (11) and is a height of packing such that 
the vapor leaving the top of the section will have the same com- 
position as the vapor in equilibrium with the liquid leaving the 
bottom of the section. The use of the H.E.T.P, substitutes a 
stepwise countercurrent procedure for the true countercurrent 
operation and is therefore theoretically unsound; but when the 



Fig. 56. 
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concentration change between plates is small and the number 
of plates is large, the error introduced by its use will be small. 
Values of H.E.T.P. are determined experimentally by calculating 
the number of theoretical plates necessary to be equivalent to 
some actual packed tower; the height of the pack(id tower divided 
by the number of theoretical plates is then the H.E.T.P. Values 
of H.E.T.P. will be considered in the chapter on Column Per- 
formance (page 218). 

Height of a Transfer Unit. "Chilton and Colburn (3) have 
proposed another design mc^thod for packed tower, based on the 

use of a unit called the height 
of a transfer unit H.T.U. The 
H.T.U. is the height of the 
tower divided by the number of 
‘transfer units, this latter num- 
ber being defined above tlu' 
feed as 

dy _ hAn 

and a similar expression can be 
obtained in terms of x. Over 
the height of one transfer unit, 
the value of y* — y does not 
ordinarily vary widely, and the arithmetic average' may be used. 
Baker (1) has developed a relatively simple stepwise method for 
estimating the number of transfer units under these conditions. 
In the usual y~x diagram (Fig. 57), a line ah is drawn at the 
arithmetic mean of the equilibrium curve and the operating line. 
The H.T.U. corresponds to a step giving a change' in y equal 
to the average value of y* — y over the step. Starting at A, 
one proceeds not to B but to C, such that AD = DC, and then 
steps from C to the operating line. If the curvature of the 
equilibrium curve is not too great, CC, the change in y, which is 
numerically equivalent to the EF, will be approximately equal 
to the average value oi y* — y between A and C, and therefore 
the steps correspond to one transfer unit. This stepwise pro- 
cedure is continued to the terminals of the tower, giving the 
number of transfer units in the tower. The step illustrated in 
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Fig. 57 is smaller than the corresponding H.E.T.P. which would 
extend from A to B; in general, if the equilibrium curve is flatter 
than the operating line, one theoretical plate will give a greater 
concentration change than one transfer unit; and if the equi- 
librium curve is steeper, the reverse will be true, and when the 
curves are parallel the two units are identical. The advantage 
of the H.T.U. relative to the H.E.T.P. is that it is defined on the 
basis of the true differential process rather than the incorrect 
stepwise countercurrent. Values of H.T.U. are used in the same 
manner as values of H.E.T.P. 
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CHAPTER XIV 


RECTIFICATION OF COMPLEX MIXTURES 

As has been pointed out in previous chapters, tlie separation 
of binary and ternary mixtures into their substantially pure 
components or pure constant-boiling mixtures is a relatively 
simple matter and one that may be analyzed mathematically. 
The tremendous growth of the petroleum industry in recent 
years has introduced the problem of handling great quantities of 
extremely complex mixtures where the mathematical analysis 
becomes very much more involved and, in some cases, practically 
impossible. 

It so happens, however, that it is possible to generalize from 
solutions of problems involving binary mixtures so that the 
solutions of problems in the separation of much more complicated 
mixtures become readily possible. The following generalizations 
have been drawn from a study of binary mixtures and are 
directly applicable to the study of mixtures of any complexity. 

Generalization I. — In the rectification of a liquid mixture in the 
column of a continuous still, the liquid mixture being fed into 
the central portion of the column, the function of that portion of 
the column above the point at which the feed enters is solely to 
remove the remnants of the less volatile compon’ent from the 
more volatile components in the distillate. 

Generalization II. — The function of that portion of the 
column below the point of introduction of the feed is solely to 
remove the remnants of the more volatile component from the 
less volatile components leaving the bottom of the column. 

These two generalizations lead to the conclusion that in the 
fractional distillation of any volatile mixture, no matter how 
complex, so long as the object of the distillation is the separation 
of the mixture into two portions, one containing the more volatile 
components, and the other containing the less volatile compo- 
nents, the only way in which it is possible to effect the separation 

13 ^ 
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.‘it all completely is to introduce the feed into the central portion 
of the column and not into the top or bottom. If this is not 
done, the licpiid heaving the bottom of th(‘ column will not bi' 
completely stripped of the more volatiles (Hunponent-s if the feed 
(‘liters th(‘ bottom of the column; whereas if the feed enters the 
top of the column, the distillate will contain some of the less 
volatile portion. 

Generalization III. — Effective working of any part of a re(;tify- 
ing column is impossible without a supply of heat below and a 
removal of heat above the point in question. 

The r(\sult of this is that a column will not function unless heat, 
usually in the form of latent, heat in a rising current of vapor, is 
introduced into the bottom, and unless lu'at is removed from the 
top of the column usually by (*ondensing part of the distillat(‘ 
and r(‘turning it to the top of the column. Any portion of the 
column b(‘low the lowest point of introduction of heat will 
be inoperative as a fractionating devic^e, and any part of the 
column abov(i the highest point at whi(*h heat is removed will 
also be inoperative. 

Heat absorption may be due to the introduction of feed at a 
temperature below the temperature of the licpiid on the feed 
plate. The intnjduction of low-boiling feed which vaporizes on 
entering the column, thereby abstracting heat from the contents, 
will also have the same effect. The downflowing feed, or reflux, 
which comes from a zone of lower temjierature to one of higher 
temperature also removes heat in becoming heated up. 

Heat may be introduc(‘d solely in the form of latent heat com- 
ing in the vapor from some other part of the equipment, or it may 
be furnished from heating coils at the bottom of the column. 
The result is the same so far as the supply of heat is concerned. 

Generalization IV. — The use of a single total condenser at the 
top of the column for the complete condensation of the vapor 
leaving the top of the column and the return of part of that 
condensed vapor to the top of the column for reflux is, in general, 
more economical than the use of more complicated condenser 
design with the purpose of obtaining additional rectification by 
partial condensation, even though a somewhat higher column 
will be required. Of course, this does not apply to the cases 
where the feed to the column is partially preheated by using it 
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LiH a cooling fluid in a partial condenser and then finishing the 
(condensation in a final condens(»r. 

Generalization V. — The permissible vaj^or A^ekxcities in a 
column are substantially indei)endent of the composition of the 
mixture being distilled no matttn how complex. In ot her words, 
in a column of a given type, vapor velocities suitable for alcohol- 
water mixtures are equally suitable for complicated mixtures, 
such as petroleum products. Of course, such a generalization 
implies that materials that foam or entrain badly must have 
special (consideration. 

Generalization VI. — Except under very special conditions, it 
is impossible to make more than one sharp cut per column; 
that is, it is impossible to take off of one column two or more 
products and one residue, each one of which is substantially 
free from the others. This meaqs that a continuous still must 
have as many columns less one as there are products into which 
the mixture is to be separated. 

To give a sp(‘cific example, to separate a crude petroleum into 
four products, gasolene, kerosene, gas oil, and fuel oil, and to 
effect sharp cuts cannot be done in a continuous still with less 
than three columns. 

It should be understood in this connection, howc'ver, that 
sometimes several columns are combined into one shell so that 
externally it appears as one column. The internal arrangements 
of such a combination column must include all of the require- 
ments for separate columns in order for it to function successfully 
and give sharp separation. 

Generalization VII. — If a known mixture is to be separated 
sharply into two fractions at some specific point, the temperature 
and the pressure at both the top and the bottom of the column 
are thereby automatically fixed. If partial condensation is 
used, by the top of the column is meant the outlet of the partial 
condenser. 

Generalization VIII. — Additional cooling at the top of the 
column will produce additional reflux; but if separation is good 
and the temperature in the condenser is not changed, the com- 
position of the product will remain unchanged. It will, however, 
lower the temperature at the inlet to the partial condenser and 
therefore the temperature on the top plate of the column. 
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Generalization IX. — When a partial condenser is used in the 
removal of a mixture of several components as the distillate, the 
outlet temperature of the condenser is always the condensing 
temperature of the distillate under the operating pressure and 
is always intermediate between the initial and final boiling tem- 
peratures of the distillate. 

Su(*h a system may he operated so that tlu^re is a sharp separa- 
tion of the compoiKmts of the feed into two fractions, the dis- 
tillate and the residue, at the point required, although th(^ 
boiling points of tlie components between which the separation 
is effected are far a})ove the tcanperature at the outlet of the 
condenser. The low-boiling ndlux waslu's out the high-boiling 
(components from the vapor rising through th(^ column, and the 
vapor entering the bot tom of tlu' column strips out the low-boiling 
com]X)nents from the reflux running })a(*k into the bottom of the 
(‘olumn. The result is that the low-boiling conq)oneiits up to 
a (certain t)oint are (ejected from the toj) of the column, while 
the high-boiling compoiKuits ar(‘ reje(ct(‘d by the partial conden- 
ser and must go back to th(* bottom of the column. 

Generalization X. — In testing coniph^x mixtures (^f liquids of 
reasonably normal behavior from the standpoint of volatility 
by the d(‘terminati()n of the ordinary boiling-point curve, such 
as the Engler or yV.S.T.M. distillation curv(', the initial boiling 
point of the mixtun' is always above the boiling point of the 
most volatile pure comp(ui(*nt, and the final boiling point of 
the mixture is always below the boiling point of the least volatile 
component, unless that component is present in very large 
amount in the original mixture. Furthermore, in distilling such 
a mixture, the initial boiling point of the distillate will be lower 
than the initial boiling point of the original mixture; and if the 
separation is good, the final boiling point of the distillate may be 
below the initial boiling point of the residue. This difference in 
temperature between the final boiling point of th(' distillate and 
the initial boiling point of the residue will be the greater the 
greater the difference in volatility between the most volatile 
and the least volatile components in the original mixture. With 
perfect separation, this difference will be a maximum for any 
particular case. In petroleum distillation, this ^*gap’’ is takem 
to be a sign of effective fractionation. 
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Generalization XI. — It is practicable to feed a column in a 
continuous still with either a liquid or a vapor or a mixture of the 
two. Feeding with liquid tends to overload the column with 
reflux below the feed plate, particularly if the liquid is cold. On 
the other hand, feeding with vapor overloads the upper part of 
the column unless the j)ercentage of distillate in the feed is very 
large. The best point in the column at which to introduce^ the 
feed will be affected also by the proportion of liquid and vapor in 
it. 

Generalization XII. — If the feed enters as a liquid and a small 
percentage of it is removed as distillate, the main task of the 
column is to strip all of the volatile constituents from the residue, 
which means the us(^ of a large exhausting column. If most of 
the feed is taken off as distillate, the main function of the (*olumn 
is the removal of the traces of residue from the distillate which 
means that the rectifying section above the feed plate must b(» 
large. 

Although it is true that these generalizations are qualitative in 
scope and are not readily made quantitative, nevertheless, a 
careful analysis of the problem in their light will make it possible 
to select the most suitable type of distilling equipment for the 
problem at hand and prevent the mistakes that are so likely 
to occur where there is no rational basis for comparison. 

The following chapters wdll take up some features of the 
quantitative side of distillation calculations in the fractional 
distillation of complex pc'troleum mixtur(\s. It is hoped that a 
study of the methods of calculation emj)loyed will be of assistance 
particularly to those on whom falls the duty of designing petro- 
leum equipment. 
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RECTIFICATION OF MULTICOMPONENT MIXTURES 

Multicomponent mixtures are those containing more than two 
(H)mpoiients in significant amounts. In commercial operations, 
they are encountered more generally than are binary mixtures. 
As with binary mixtures, they can be treated in batch or con- 
tinuous op(irations, in bubble-plate or packed towers. Since the 
continuous operation is much more amenable to mathematical 
analysis, owing to the steady (‘onditions of concentration and 
operation, it will b(' considenKl first. 

Fundamentally, the estimation of the number of theoretical 
plates involved for the (*ontinuous separation of a multicompo- 
nent mixture involves exactly the same princi])k*s as those given 
for binary mixtures. Thus, the operating-line equations for each 
component in a multicomponent mixture are identical in form 
with those given for Innary mixtures (see i)age 83). And the 
procedure is exactly the same; f.c., starting with the composition 
of the liquid at any position in the tower, the vapor in equilibrium 
with this liquid is calculated; and then by applying the appro- 
j^riate operating line for the section of the tower in question to 
each component, tlu^ li(piid (composition on the plate above is 
determined, and the operation relocated from plate to plate up the 
column. However, actually the estimation of the number of 
theoretical plates required for the separation of a complex mix- 
ture is more difficult than for a binary mixture. When consider- 
ing binary mixtures, fixing the total pressure and one component 
in either the licpiid or vapor immediately fixes the temperature 
and composition of the other phase; f.c., at a given total pressure, 
a unique or definite relation between y and x allows the construc- 
tion of the y-x curve. In the case of a multiccomponent mixture of 
n components, in addition to the pressure, it is necessary to fix 
(n — 1) concentrations before the system is completely defined. 
This means that for a given component in such a mixture the y-x 
curve is a function not only of the physical characteristics of the 
other components but also of their relative amounts. There- 
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Ton^, instead of a sin^l(‘ y-x curve for a given component, there are 
an infinite number of such curves dep(‘n(ling on the relatives 
amounts of the other com[)on(nits present. This necessitates a 
larger amount of equilibrium data for each component in th(^ 
presence of varying proportions of tlie others, and, except in tlu^ 
special cases in which some generalized rule (such as RaoulTs 
law) applies, these an‘ not usually available, and it is very 
laborious to obtain them. One of the largest uses of multi- 
component rectification is in the petrokMira industry; for a large 
number of the hydrocarbon mixtur(\s encrountered in these 
rectifications, generalized rules have been developed which give 
multicomponent vapor-liquid equilibriums with pn^cision suffi- 
cient for design calculations. Such data are usually present 
in the form y = Kx, where K is a function of the pressure, tem- 
perature, and component. TIh^ use of (H|uilibrium data in such a 
form usually n^quires a trial-and-error calculation to estimate the 
vapor in equilibrium with a givcui liquid at a known pressures 
This results from the fact that t he temperature is not known, so a 
temperature is assumed, and the various (Hpiilibrium constants 
at the knowui pressure and assumed tcanperatuni are us(xi to 
estimat-e the vapor composition. If the sum of the mol fractions 
of all the components in the vai)or, so calculated, add up to 1, the 
assumed temperature was correct. If the sum is not ecjual to 1, 
a new temperature must be assunuid, and the calculation repeated 
until the sum is unity. Such a procedure is much more laborious 
than that involved in a binary mixture where the composition 
of the liquid and tiie pr(»ssure together with equilibrium data 
immediately gives the vapor composition without trial and error. 

In the foregoing discaission of multicomponent systems, it was 
assumed that the complete composition of the liquid at some 
position in the column was known as a starting point for the 
calculation. The determination of this complete comi)osition 
as a starting point is often the most difficult part of the whole 
multicomponent design. This difficulty arises since for a given 
feed composition, reflux ratio, and total pressure, it is possible to 
fix only two additional factors, such as two terminal composi- 
tions, before the system is completely defined.^ In general, the 

^ The discussion assumes constancy of 0/V in each section, definite feed 
location, definite thermal condition of the feed, and theoretical plates. 
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complete composition of neither the residin' nor the distiilatf' can 
be determined by using the two additional factors to fix two 
terminal conditions, in which case it is necessary to estimate tho 
complete composition of either the product or the residue and 
then proceed with the calculations as before until the desired 
degree of separation is attained. If, then, th(' calculated product 
and residue compositions satisfy a material balance for each 
component, the estimati^d composition was correct. However, if 
a material balance is not satisfied liy any oiu' of the components, 
it is necessary to readjust tlu' com])osition and repeat th(^ calcula- 
tion until the material balances are all satisfied simultaneously. 
This estimation is oftim simplified, owing to the fact that the 
degre'e of sejiaratioii is so high that the heavier corniionents will 
appear in the product in quantities so small as to be negligible, 
and the vsame will be true for the lightest component in th(' 
residue. 

Several methods hav<^ Ix'c^n proposed for the design of multi- 
c,omi)onent mixtures, but fundanHmtally tliey an' based on 
Sorehs method. One of the Ix'st of thesis ])roposed methods is 
that due to Lewis and Matheson (2). This is exactly the 
application of Sorehs method together with the usual simplifying 
assumptions to multiconqxinent mixturi's. Tlx' same operating 
lines as used on page 83 for binary mixtures are employed to 
determiiK^ the n^lation Ix'twei'ii the vapor composition and the 
composition of licpiid on the plate above, this calculation together 
with vapor-liquid ecpiilibrium data being sufficient for the deter- 
mination of the number of theoretical plates for given conditions. 
The use of this method will Ix^ illustrated by the fractionation of a 
mixture of benzene, toluene, and xylene under conditions where 
the separation will be sufficiently good so that the determination 
of the terminal conditions will not be difficult. 

Consider the rectification of a mixture containing 60 mol 
p(?r cent of benzene, 30 mol per cent of toluene, and 10 mol 
per cent of xylene into a distillate or product containing not 
over 0.5 mol per ce'iit of toluene and a bottoms or residue contain- 
ing 0.5 mol per cent of Ix'uzene. A reflux ratio 0/D equal to 
2 will Ix^ used, and the fi^ed will enti'r preheated so that the 
change in mols of overflow across the feed plate will be equal 
to the mols of feed. The usual simplifying assumptions will be 
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made, and Raoult's law will be used. The distillation will be 
carried out at 1 atm. absolute pressure. 

Since the concentration of toluene in the distillate D is low, the 
xylene will be practically zero and therefore will be essentially all 
in the residue W. Taking as a basis 100 mols of feed, a benzene 
material balance, input equals output, gives the following: 


60 = Dxini + 0.005TT = (100 - W)xi,b + 0.005IT 
= lOOx r>H + (0.005 - Xj,b)W 


Xdb 

60 

W 


= 0.995 
= 99.5 - 
= 39.5 ^ 
0.99 


TT(0.99) 

39.9 


D = 60.1 


where D = mols of product. 

W = mols of residue. 

Xdb — mol fraction of benzene in liquid distillate. 
The terminal conditions are then 



Distillatt' 

Residue 


Mols 

Mol 

per cent 

Mols 

Mol 

per cent 

Benzene 

59.8 

99.5 

0.20 

0.5 

Toluene 

1 0.30 

0.5 

29.7 

74.4 

Xylene 

0 


10 0 

2.5.1 




60.1 

100.0 

39.9 

100.0 


Since 0/D — 2, in the top part of the tower 


On = 2 X 60.1 = 120.2, 

and Vn = On + D — 180.3, and Om = On + ^’ = 220.2, giving 
= 180.3. 

For the part of the column below the feed plate, the operating 
lines are 
for benzene: 


yrnU 



1.221a:(,H4-i)z; 


0.0011 



(wH-D® 


3 ^ 

180.3 


(0.005) 
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for toluene: 
for xylene: 


VmT = l.22VX{ra^i)T — 0.164 


ILnX = 1.221Ximrl)X “ 0.0555 


Beginning with the composition of the licpiid in the still, a tem- 
perature is assumed, and the partial pn^ssure of each component 
is calculated using Raoiilt’s law. If the sum of the partial 
pnissure is 760 mm. Hg (the total pr(^ssure), tlu^ assumed tem- 
])erature was correct. The vapor j)ressure of these compoiKuits 
is given in Fig. 58. Assume T = 




P 

xP 

y. == x.P/Zx,P 

Ce 

0.005 

1990 j 

10 

0 0135 

Cv 

0.744 1 

850 ! 

032 

1 0 . 854 

Cs 

0.251 

390 1 

98 

0.1325 




1 

1 

r.OOCK) 


Since the total is 740 instead of 760, t Ik^ assumed temperatun^ 
was too low, but a iiean^r correct temperature is (easily found by 
determining the temperature from Fig. 58 at which the vapor 
pressure of toluene is (*^^'^ 7 . 10 ) (850) = 873, giving T = 116. 0°C. 
The calculation is then repeated for 116°C. 



Xh 

P 

xP 

. 

/y. = .tJV700 

Cr. 

0.005 

2(K)0 

10 

0 0131 

c, 

0 744 

873 

! 

- 0.855 

c. 

0.251 

400 

100.4 

0.132 



i 

700.4 ~ 

1 

* 1.0000 


With this assumed temperature, tlu^ sum of XgF is seen to be 
\'ery clos(' to 760, and tlie temperature is satisfactory. Actually, 
su(*h a n'calculation is not Jiec<\ssay, since tiu^ values desired an^ 
y,, and these values may be obtained from = XsP/^xJ\ 
where XxJ^ is the sum of the x^P values. ITius, in the fourth 
column of t Ik^ table for the first assumed temperature are given 
values of = XaP/740. These are seen to correspond closely 
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to the values in the corrected table and agree well within tiio 
accuracy of such factors as the vapor pressures, the applicability 
of Raoult’s law, etc. In general, such a simplified procedure is 
satisfactory when the sum of XsP is within 10 per c(mt of the 
desired value; however, at times, such a simplification is not 
justified, and a preliminary check on the system in question 

should be made, to determine 


500 
400 
300 j 
200 
100 
0 
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the satisfactory limit of the 
sum of XsP. 

The calculation is now con- 
tinued with the values of ys just 
obtained, using the operating- 
line equations to determine 
and then yi is calculated from 
these values similarly to ys. 

The value of Xi is obtained 
from ys by th(? use of the appro- 
priates operating-line equation 
applied to each (component. 
yi is then cakailated using 
Raoult’s and Dalton’s laws at 
an assumed temperature of 
115°C., and Xo, is obtained from 
the values of y\ by the use of 
the operating-line equation. 
The operation is repeated, 
making adjustments of the 
assumed temperatures such 
that llixP stays between 700 and 820. In making these adjust- 
ments of temperature, it is desirable to continue using one tem- 
perature until the value of 'LxP is about as much greater than 
760 as it was less than 760 on the first plate on which the tempera- 
ture was used. Thus, in the following table, the values of 110°C. 
were continued from x>P — 720 to XaP — 804, giving approxi- 
mately an e(|ual displaceiiK^iit on both sides of 760. 

The table on ])ag(^ 143 carn(\s these (calculations u}3 to the 
sixth plate. 

However, as point (cd out on pag(‘ 138, the vapor-liquid data are 
more often given as y = Kx rather than as Raoult’s law. With 


60 


90 100 no 

Temperoit-ure.deg C. 
Fig. 58. 


120 
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Com- 

ponent 

T, °C. 

{IH- 

Hinned 

p 

* mm 

1 

1 

1 

X.P 



Xi 

Ce 

Uo 

1990 

0 . 005 

10 


0 0135 


C; 


850 

0.744 

032 


0.854 


C8 


390 

0 251 

98 


0 1325 






Xxf = 740 


= 1 0000 









X\ 

c« 

116 

2000 

0 005 

10 


0 0131 

0.0110 

Cy 


873 

0.744 

050 


0 855 

0 835 

c. 


400 

0.251 

100.4 


0.132 

0 153 





- 700.4 

-^y 

= 1 . 0000 





^1 

xj* 


!h 

X2 

c« 

115 

1990 

0.0116 

23 1 


0 0292 

0.0248 

Ct 


850 

0 835 

709 


0 895 

0 868 

Ch 


390 

0.153 

59.7 


0.0755 

0.1065 





lixF = 791 8 

^y 

= 1 





Xu 

XuP 


//2 

X:^ 

Cc 

no 

1740 

0 0248 

43 


0.0597 

0.0498 

Ct 


740 

0 808 

042 


0 . 892 

0.865 

Cs 


330 

0 1005 

i 

35 


0.0480 

0.085 


1 

! 

j 

; 1 

1 

ZxP = 720 




i 

1 

1 


! T3 ! 

' 

xj^ 


y-i 

Xa 

Co 

no 

1740 

0.0498' 

80.7 


0.115 

0.09.5 

Ct 


740 

0.805 I 

040 


0.848 

0 830 

Cs 


330 ! 

1 

' 0.085 

28 


0.037 

0.075 




1 

1 

= 754.7 







X4 i 

xj^ 


IP 


Ce 

no 

1740 

0 095 ' 

105 


0.205 

0.109 

c. 


740 

0.830 i 

014 


0.703 

0.759 

Cs 


330 

0.075 1 

25 


0.031 

0.071 



! 

1 

ZxP = 804 







xd* 


2/6 

X,i 

c. 

105 

1520 

0 109 1 

257 


0 336 

0 276 

c, 


045 

0.759 

489 


0.638 

0.657 

c. 


280 

0.071 

20 


0.026 

0.067 





'LxP = 766 
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(iquilibrium data in such form, the method of calculation is 
similar. Given the values of x in the liquid on any plate, the 
temperature is assumed, and a value of K for each eom])onent is 
obtained from equilibrium data at the assumed t(un])erature and 
tlie operating pressun^. The value of y in (Hpiilibrium with this 
liquid is given by Kx. If the sum of the values of y is equal to 
1, the assumed tempc^aturf' was correct, and the x values on the 
l)late above may be obtaiiu^d from the y values just calculat’d by 
using the operating-line (^ciuation. If the sum of the values of 
Kx does not equal 1, the temperature should be readjusted; but 
as in the previous case, this adjustment is usually unn(H*essary if 
the sum of Kx is within 10 p(ir c(‘iit of 1, in which case the valu(^s 
of y are calculated by ya = K„Xn/ ^Kx. 

The benzene-toluene-xyhme cahailations will be continued, 
using the K method. For this particular mixture, where Raoult ’s 
and Dalton’s laws are assumed to ai)ply, the equilibrium constant 
is equal to the vapor pressure divided by the total pressure; c.f/., 

Pa 

yaTT = XaPa, Or IJa = giviug Ka = PaA- 

TT 


Com- 

ponent 

1\ °c. 

as- 

sumcMl 

K = P/700 

Xf, 

xK 

2/C = xK/XxK 

X7 

Cc 

100 

1 . 745 

0 276 

0.482 

0.49 

0,402 

Cr 


0.735 

0 . 

0.482 

0 49 

0.535 

c, 


0.310 

0.067 

0 021 

0.021 

0.063 





XxK = 0 985 






0:7 

x.K 

yi 

Xh 

c. 

95 

1.52 

0 402 

0 612 

0.635 

0.521 

c. 


0.628 : 

0 535 

0 336 

0.348 

0.420 

Cg 


0 263 

0.063 

0 016 

0 017 

0 . 059 





2:xA’^ = 0 964 

I 

! 





xg 1 

x,K 

yn 

X9 

c« 

95 

1 . 52 

0.521 

0.793 

0 738 

0.605 

Ct 


0.628 

0.420! 

0 264 

0.246 

0.336 

Cg 


0.263 


0.016 

0.015 

0.058 




0.059| 

•SxK = 1.073 
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I'he ratio of Xc^ to Xc^ on plate 9 i« approximately that in the 
teed, so this plate will be used as the feed plate. The proper 
feed-plate location for this column will be considered in a later 
s(»ction. Above the feed plate, the procedure is the same, except 
that th(' equation for th(^ upp(‘r portion of the tower is utilized. 

The operating-line equations abov(‘ the feed are 
for C,;: 

Vnit — ^(n+i)i# 4" ” 0.667:r, 1 )/^ -f- 0.332 

for Ct: 

ynT = 0.667j*u*4i) 7 -f 0.0017 

lor Cg^ 

2/njc ~ O.C)b7j^( ))A’ 


Proccioding as Ix^on^ : 


Com- 

ponent 

7\ °C. 

JIS- 

sunied 

K 


xK 

ii 

Jjo 

Cb 

90 

1.33 

0 005 

0 805 

0.807 

0 712 

C; 


0.533 

0 330 

0 179 

0 ISO 

0 267 

c« 


0.221 

0 . 0.58 

0 013 

0 013 

0 . 020 





^xK - 0 997 






.Tio 

XiqK 

i/io 


Cfi 

85 

1.15 

0 712 

0 819 

0.867 

0.802 

Ct 


0.452 

0.207 

0.121 

0.128 

0.189 

Ch 


0.184 

0.020 

0.004 

0 ( X )4 

0.006 





7:xK = 0.^4 






X\\ 

x,iK 

.Vn 

■Xv2 

Cfi 


1 . 15 

0.802 

0.923 

0.914 

0.~873 

Cr 


0.452 

0.189 

0.085 

0.084 

0.123 

Cs 


0.184 

0.006 

0.0012 

0.0012 

0.0018 





SxK = 1.009 






Xi2 

Xy^K 

yv2 

Xu 

c7” 

85 

iTl^ 

0 873 

' 1.005 

0.947 

0.922 

Ct 

,, . 

0.452 

0.123 

0.055 

0.053 

0.0765 

c» 


0.184 

0.0018 

0.0004 

0 0004 

0.0006 

i 


! 1 

1 

£xK = r.061 
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Com- 

ponent 

r, °c. 

as- 

sumed 

K 

.^9 

xK 

. 1*9 = xK/'LxK 





.ri.3 


?/»3 

XiA 

Ce 

80 

0.995 

0 922 

0.917 

0 908 

0 953 

Cz 


0.379 

0 0705 

0.029 

0.032 

0 045 

Cs 


0.153 

0.0000 

0.0(M)1 

0.0001 

0.00015 





HlxK = 0.940 






O-H 

OCxaK 

.'/U 

X 16 

Ce 

80 

0.995 

0 . 953 

0.948 

0 982 

0 974 

Cz 


0.379 

0 045 

0 017 

0.018 

0 . 024 

Cs 


0 153 

0 00015 

0 00002 

0 . 00002 

0.00003 




3^16 

XxhK 

yu. 

^ 1C 


~ ' 80 ~ 

0.995 

0 974 

0 909 

0.99 

0“988 

Cz 


0 379 

0.024 

0 ( X )91 

0 . 0093 

0 0114 

_ a_ 


o 

CO 

0 . 00003 ; 

0 ' 000 ( K )5 

0 000005 

0.000007 




; 

Xxf^K 

//it. 


~c7~ 

80 

0 995 

0 988 j 

0 983 

0 9950 


c. 


0.379 

0 0114 

0 . 0043 

0 0044 


c. 


0.153 

7 X 10 “« 

10-'‘ 

io-« 



The vapor leaving the sixt<Hnith plate, on l)(4ng licpiefied in the 
total condenser, will give a i)rodiict containing slightly more than 
99.5 per cent benzene. Thus, at)proximately 16 theoretical ])lates 
together with a total condenser and still or r(4)oiler arv requinHlto 
effect the desired separation under the operating conditions chosen. 

In general, it is instructive to plot the compositions vs. the 
plates. This type of figure is shown in Fig. 59 for the example 
just solved. The benzene is seen to rise on a smooth curve, and 
the concentration of toluene in the liquid passes through a maxi- 
mum two plates above the still and then falls off in a smooth curve 
with the exception of a slight break at the feed plate; the xylene 
drops rapidly alcove the still and then flattens out until the feed 
plate is reached and then drops rapidly to a negligible value. The 
maximum in the toluene curve is a result of the fact that, in the 
still, toluene and xylene are th<i main components; and since 
toluene is tlie more volatile of the two, it tends to increase, and 
the xylene tends to decrease. This imirease in toluene concentra- 
tion continues until the benzene concentration becomes appre- 
ciable; and since this latter component is very volatile, it increases 
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rapidly and forces the toluene to decrease. This iiKTcasc of 
benzene relative to ibe toluene continues up to the condenser. 
Tlie xylene decTc^ases up the (column from the still because' of its 
low volatility but cannot (huTcase below a certain value, since 
the 10 mols of xylene in the feed must flow down the column, 
and this sets a minimum limit on the concentration of 


10 

On. 


w 

220 


0.0455; 


actually the value will be slightly higher, since the small 
amount of xylene that passes upward in the vapor must 
again pass down the column. This is due to the fact that essen- 
tially no xylene leaves tlu' top of th(i column. Above the feed 
plate, the amount of xylene passing in with the vapor to a plate 
must be equal to the xylene in the overflow from the plate, f.e., 
Vyn = Ox since £)x/> is essentially zero. However, ?/„ = KjCn, 

VK , , , , , 

giving x„ 4 -i = and for a heavy com])onent such as xylene 

which does not leave the top of the column in appreciable amount, 
the composition of th(^ liquid on one plate is related to tliat on the 
plate below by VKjO. In general, K is very small for such com- 
ponents and the concentration decreases rapidly as shown by the 
straight line in Fig. 59. 

These concentration-gradient curv(}s are typical of those gen- 
erally obtained. The two main comporn'iits between which the 
rectification is taking place tend to increase and decrease up the 
column, much as in a binary mixture. They are often called 
the key components. The concentrations of the components 
heavier than the heavier key component tend to decrease rapidly 
as one proceeds from the still up the column, but tht;y tend to 
become constant because of the necessity of their flowing down 
the overflows in order that they may be removed at the still. 
These components then decrease rapidly above the feed plate, 
usually dropping to negligible values a few plates above this 
plate. The concentrations of components lighter than the light 
key component give the same type of curves from the condenser 
down the column as the heavier components do from the still 
upward. Thus, the concentrations of these light components 
decrease rapidly for a few plates down from the condenser but 
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then flatten out, since by material balance essentially all of tlie 
mols of these components that are in the feed must flow up 
through the upper part of the column to be removed at the con- 
denser, and this factor sets a lower limit on their concentration in 
this section. Below the feed plate, these light components 



Mol Fraction in Liquid 
Fig. 61 . 


decrease rapidly and generally become negligible a few plates 
below the feed plate. 

Lewis and Cope (3) applied the same method graphically, by 
constructing a separate y-x plot for each component. On these 
plots, the y-x line and the operating lines are drawn the same as 
for a binary mixture. The three plots for the previous examples 
are given in Figs. 61, 62, and 63. Only the lower portions of the 
benzene and xylene curves are given in order to increase the 
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graphical accuracy. It is interesting to note that for xylene and 
toluene the intersection of the operating line, which occurs at 
Xf, just as in the case of a binary mixture, falls below the y-x 
diagonal. This is due to the fact that Xs is greater than Xd, and 
the components are both of lower volatility than the benzene. If 
unique equilibrium curves could be drawn on the diagrams, the 
problem would become similar to the stepwise pro(;edure for a 
binary mixture. However, in general, such curves are not known. 
Lewis and Cope’s method was to draw a series of equilibrium 
curves of the type y — Kx which at constant temperatun^ are in 
general straight lines through the origin of slope K. Thus, in 
the present example, K = P/760, where P of any one component 
is a function of the temperature only. Such equilibrium curves 
have been drawn in for the temperatures of 105, 110, and 115°C. 
Starting at Xs on each plot, vertical lines are drawn through this 
point cutting the equilibrium curves. By trial and error, tem- 
peratures are tried until the sum of the y values at the intersection 
of the vertical line through Xs and the equilibrium curve for tlu^ 
assumed temperature adds up to unity. Thus, if I15°C. is tried, 
the sum of the y values at the intersection of the 115®C. curve with 
the Xs lines is 0.013 + 0.837 + 0.13 = 0.98, indicating that 
115°C. is too low. By interpolation at 116®C., the sum becomes 
0.013 + 0.855 + 0.132 == 1.00, indicating that this is the correct 
temperature, and the y values give the composition ys of the vapor 
in equilibrium with Xs. Horizontal lines are then drawn through 
the ys values to the operating line, the abscissa of the intersection 
with the operating line being X\, Vertical lines are drawn through 
the a:i’s; and by using the same procedure as for Xs, a temperature 
of 112.5®C. is found to give St/ equal to unity, and the step is then 
completed to the operating line. In a like manner, steps are 
taken up the column. The same operating line is used until the 
feed plate is reached, and then the change is made to the operating 
line for the upper portion of the column simultaneously for all 
three components. 

A comparison of the values of these figures with those obtained 
in the previous algebraic calculation shows the close agreement. 
Actually, they have to give the same result, since they both are 
solutions of the same set of equations, one being algebraic and the 
other graphical. Both metnods have their advantages; in the 
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algebraic^ method, as a rule, higher accuracy can be obtained than 
in the graphical method ; this is especially tnie in the low-concen- 
tration region where the graphical diagram must i)e greatly 
expanded or replotted on logarithmic papc^r, such as was utilized 
in the binary mixtures. Hie advantage of the graphic^al method 
is that it gives a visual pi(^tiire of the concentration gradients and 
operation of the tower. The amount of labor and time consumed 
is approximately the same for the two methods. 

Numerous analytical methods (5) based on the foregoing 
methods have been proposed to simplify the trial and error 
required in the Lewis and Matheson method. However, all of 
these methods mak(' assumptions that are not justified in all 
cases and, in general, leave the designer in doubt as to the exact- 
ness of his design. Generally, much is mad(' of the difficulty of 
the trial-and-error calculations involved in the L(^wis and Mathe- 
son method; but actually, by using y = Kx/^Kx instead of mak- 
ing the Kx^s add to exactly unity, the trial-and-error work is 
practi(ially eliminated. In the exanqile just solved, when XKx 
became larger than 1, the temperature was dropped, making 
less than 1; and this temperature was used until I>Kx again 
became greater than unity, and then the temperature was again 
dropped. Thus, no actual trial and error was n^quired, but 
merely successive drops of temperature of 5 to 10®. Such cal- 
culations require only a few hours more than the simplest of the 
approximate m(‘thods and only two or three such stepwise calcu- 
lations at different reflux ratios together with the minimum num- 
ber of plates at total reflux and the minimum reflux ratio are 
required to allow the construction of a curve of theoretical plates 
required vs. the reflux ratio. In general, the added confidence 
that may be placed in the stc^pwise calculations relative to the 
approximate methods more than justifies the extra work involved. 

In using the stepwise method with the simplification that 
y — Kx/^Kx, the problem arises as to how much 'ZKx can differ 
from unity and still not appreciably affect the values of y. The 
justification of this simplification is that for moderate changes 
in temperature the percentage change in the values of K for sub- 
stances that do not differ too widely is approximately the same. A 
little consideration will show that if all the K values change the 
same percentage with temperature, then the values of y calculated 



154 


FRACTIONAL DISTILLATION 


by such a method will b(‘. iudependeiit of the temperaturo elioseii. 
This relative variation in the K valii(\s is best expressed in the 
relative volatility. Thus, if i/a == KaXa and yu = KhXh^ then 
Va/vb = {KA/KB){xA/xH)y and (Ka/Kh) is the relative volatility 
of A to B, aAB (see page 50). If the percentage change in both 
Ka and Kb is the same with temperature, will be a constant 
over this region, and a plot of aAB vs. temperature will give 
immediately the region over which can vary without appn^- 
ciably altering the y value. Actually, the as can be introduced 
into the equations, and the K^s eliminated. Thus, 


2/^ + + 2/c + yn H- 

yB yn yB 


1 

2 

yii 


using the relative volatility 


(xabX a 

Xb 


+ 1 + 


acsXc 

Xb 


I Xb , 

+ aBB h 

Xb 


2 

Vb 


which can be rearranged to give 


yB = 


Xb 

aABXA + + acliXe + ajjBXn -f* • • • 


Xb 

2^ax 


since 


Likewise, 


Vb 


Xa 
aAB — 
Va 


aABXA 


Va = ~ 


'Lax 


yc = 


acBXc ^ 

Lax ^ 


yD = 


aBsXB 

Lax 


( 1 ) 


A similar analysis starting with 


leads to 


Xa + Xb + Xc + • • 


= Va/o^ab 

Yy! ' 


Xb 


yu! olbb 
'L^ y/ot ' 


= 1 


yc/ acB 
Ly/a 


( 2 ) 


where all the relative volatilities are with respect to the B com- 
ponent; and in the case of the ys equation, a relative volatility 
does not appear with since ckba is 1 . Given the liquid composi- 
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tion on any plate, the values of x arc multiplied by the a eorrc'- 
sponding to the component in question, and the values of ax are 
totaled to give Zax; then the value of y for any component is 
calculated by dividing ax for the component by 'Xax. In general, 
it is desirable to take the volatilities relative to one of the key 
components; this will cause a to be greater than 1 for the com- 
ponents that are lighter and less than 1 for the heavier com- 
ponents. This method will be most clearly brought out by its 



aj^plication to actual problems. First it will be applied to the 
benzene, toluene, and xylene probhun previously solved. Figure 
64 shows the volatilities relative to toluene plotted as a function of 
temperature and also shows the Kior toluene as a function of the 
temperature. It will be noticed that the variation in the relative^ 
volatilities with ttunperatiire is very small and that for xylene in 
t he lower })art, of the column a constant value of a equal to 0.43 is 
w(*ll within the design accuracy. The benzene volatility relative 
to toluene varit^s more, but ('V(mi h(*r<; the variation is small. In 
the previous example, starting at the still: 
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X8 

«uo 

axa 

ys == ofa;/0.869 


aiioXi 

yi =* ax/0.932 

c« 

0.005 

2.36 

0.0118 

0.0136 

0.012 

0.0283 

0.030 

Cr 

0.744 

1.0 

0.744 

0.856 

0.835 

0.835 

0.896 

Cg 

0.251 

0.45 1 

0.113 

0.8688 

0.130 

0.152 

0.0684 

0.9317 

0.074 


Kt = 0.856/0.744 = 1.15 Kt = 0.896/0.835 = 1.07 
Ta = 116°C. = 113.4°C. 



Xt 

a 110 X 2 

yt = ax/0.976 

I X3 

a 110 X 3 

2/3 = ax/ 1.02 

Ce 

0.0254 

0.06 

0.061 

0.0508 

0.13 

0.117 

Cy 

0.868 

0.868 

0.890 

0.864 

0.864 

0.845 

Cg 

0.106 

0.0477 

0.049 

0.086 

0.039 

0.038 



0.9757 



1.023 




Kt = 1/0.9757 = 1.025 

Kt - 

0.978 




Tt = 111.8°C. 

T, - 

110.2°C. 



Xa 

«110X4 

2/4 = ax/1.086 j 

. ! 

1 

ai loXg 

2/6 = ax/1.192 

c. 

0.096 

0.226 

0.208 

0.171 : 

0.403 

0.338 

c, 

0.826 

0.826 

0,760 

0.7.57 ! 

0.757 

0.636 

Cg 

0.076 

0.034 

0.031 1 

0.071 j 

0.032 

0.027 



1.086 

1 

1 

1 

1 

i 

i 

1 192 



K = 0.922 K = 0.84 

7^4 = 108°C. n = 104.8°C. 


A comparison of the values caleulate^d above with those 
previously obtained shows a very close agreement, as must be 
the case, since both calculations are fundamentally identical. 
In these calculations, the temperature has been determined 
on each plate by taking the K for toluene corresponding to 
the plate and determining the temperature from Fig. 64. Thus, 
were determined for the still and first plate by dividing 
the calculated y values by the value of Kt = Vt/xt] thus 
for the still, Xt is 0.744, and yr was calculated as 0.856, so 
that Kt = 0.856/0.744 = 1.15. From Fig. 64, the temper- 
ature is 116°C. at K = 1.15. A little consideration will show 
that Kt also is equal to l/2Iax, since y = ax/Sa:c; then y/x ~ 
a/^Lax) but for the component to which the relative vola- 
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tilities are taken, a is equal to 1, and yjx = 1/Sax for this com- 
ponent. This latter method was used for the second plate 
upward. 

Continuing in this manner, the a\s should probably be shifted 
when the temperature becomes about 100®C. Taking the new 
values of a at 90°C. should be satisfactory for finishing the 
column. Thus, no trial and error is needed, and only two sets 
of a values are employed. In order to speed computations, fur- 
ther modifications can be made. If, instead of calculating 




2/6 

* 5 

4.52^5! 

r)2x, = X. + 
4.r>2y, 

5.52acn(»J^f, 

4 . .522/8 = 

(5.5201X8/7.41 1)(4..52) 

c« 

0.005 

0.338 

1 53 1 

1 . 535 

_ 

3 62 

2.21 

Cv 

0.744 

0.636 

2 88 i 

3 624 

3 624 1 

2.21 

Ch 

0.251 

0.027 

I 0 12 ! 

1 1 

0.371 , 

0.167 

0 098 




1 I 

; i 


7 411 i 

1 



K = 5.52/7.411 = 0.74G T^r, == 100.7 



5.52x7 

Q!90 

1 

i 5.52aX7 

1 .... 

1 

4 ., 522/7 == (5..52ax/8..56)4.52 

5.52x8 

Cc 

2 215 i 

2.47 

1 

5.46 

2.89 ' 

2.895 

C; 1 

2.954 

1 0 

2 954 

; 1.56 

2 304 

C8 

0 349 

0.42 

1 0 147 

; 0.078 

0.329 




! 8 561 

1 



K = 5.52/8.56 - 0.646 T-, = 95.8 



5.52aX8 

4.521/8 

5.52x9 

Ce 

7.15 

3 36 

3.365 

c, 

2.304 

1.09 

1.834 

Cg 

0.138 

9 .592 

1 

0.065 

i 

0 316 

i 


K - 0.577 7^8 = 92.2 


0:9 

C« 0.609 

C 7 0.334 

a 0.057 


one calculates where V is the mols of va[)or ])er mol of 
residue, then simply adding x« to these values gives 
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where 0„, is the mols of overflow per mol of residue. Then Oax^^i 
is calculated, and Vyra+i = VOaXm+i / which materially 
shortens the time necessary per plate but has the disadvantage 
that the actual x and y values do not appear. Continuing by 
this method, V per mol of bottoms is 180.3/39.9 = 4.52, and 
0 - 220.2/39.9 = 5.52. 

The values of ^9 are essentially those obtained previously, 
indicating that the trial-aiid-error calculation to dc'terrnine plat(‘ 
temperature is, in general, not necessary and that the L('wis and 

I ^ , 0 / Matheson method when carried 

mols /o . , , 

out 111 such a manner does not 

possess any great obstacles. 
The us(^ of the relative-volatility 
method also offers other advan- 
.tages than the ease of di'termin- 
ing the plate comiiosition. 
Consider the fractionation in a 
vacuum column in which the 
overhead pressure is fixed and 
the pressure drop per plate is an 
appreciable percentage of the 
total pressure causing the abso- 
lute pressure to vary widely. In 
general, the K values are approx- 
imately inversely proportional to 
the pressure and therefore would 
vary with the change in pressure 
as well as with the changes in temperature. On the other hand, 
the relative volatility is often mainly a function of the tempera- 
ture and only slightly affected by the moderate changes in pres- 
sure. In such cases, it is therefore possible to proceed by the a 
method, as in the constant-pressure calculations, without trou- 
bling with the pressure variation. 

As another example of such calculations, consider the fractiona- 
tion of a 35 mol per cent phenol, 15 mol per cent o-cresol, 30 mol 
])(*r cent m-cresol, 15 mol per cent xylenols, and 5 mol per cent 
heavier. The ov(*rhead is to be 95 mol per cent phenol, and the 
l))ienol recovery is to be 90 per cent. The still pressure will hi) 
250 mm. Hg absolute, and 4 mm. Hg pressure drop will be 


Ivi: 

I363.S 


mols 
Cg 35 
0 C 7 15 
mC 7 30 
Cs 15 
R 5 


tv 

I36J.5 


•530.b 


■430.5 


U5 01. DU ' 10 .:. 

0C7 1.50 4.5 

mC7 _0^ 0.1 

33.05 
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allowed per tlK^oretieal })late. A reflux ratio 0/P equal to 10 
will l)e employed. 

The equilibrium data obtained by Rhodes, Wells, and Murray 
(4) for this type of syst(aii indicate^ that Raoult ’s law is follow('d, 
and thus the relative volatilities are independent of the pressure 
and a function of the temperature only. Thus, the relative'- 
volatility me'thod will be most suitable' for estimating the number 
of theoretical plates. 



Te mperatu re , deg . C 
Fig. 66. 

The result of over-all material balances is given in Fig. 65. 
The ratio of e>-C 7 to m-C? in the distillate was assumed as 30 to 1 . 

Figure 66 gives the volatilities relative to o-cresol as well as 
the vapor pressure of o-cresol. In the calculations, the tempera- 
ture is checked occasionally by determining the vapor pressure of 
o-cresol Po on the plate. Since i/oTt == PoXo, then 


where tt is corrected for pressure drop in the column. Below the 
feed, per mol of bottoms, the mols of vapor are 5.43, and the 
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inols of liquid are 6.43; above the feed, the corresponding figures 
per mol of distillate are 11 and 10, respectively. 



1 

Xe 

«lHfl 

1 

5.43;/. = ar.(5.43)/0.685 

6.43xi 

Ce 

0.0524 

1.25 

0.0656 

0.521 

0.573 

o-C? 

0.202 

1.0 

0 202 

1 60 

1.80 

n-Cr 

0.447 

0.7 

0 312 

2.48 

2.93 

Cs 

0.224 

0.44 

0.099 

0.79 

1.01 

R 

0.075 

0.087 

0.006 

~b.6846 

0.048 

0.123 


Po = 250/0.685 - 365 mm. T - 165°C. 



6.43«Xi 

5.43;/, 

f).43.(.2 

1 

1 6.43«X2 

5.431/2 

Ce 1 

0.716 

0 775 1 

0.828 

1.03.5 

1.045 

o-Ct 

1.80 

1.95 ’ 

I 2 152 

1 2.152 

2 18 

m-Cy 

2.05 

2.22 

2 667 

1 865 

1.89 

Cs 

0.444 

0.48 

' 0.704 

0 310 

0.31 

R 

0.011 

0.012 

0.087 

0.008 

0 008 


5.021 

i 

I 

5.370 I 

1 




6.43x3 

6.43ax3 

5.43^/3 

6.43^4 

1 6.43aX4 

Cs 

1 097 

1.37 

1 32 i 

1 . 372 

1.72 

O-Cy 

2.38 

2.38 

2.30 

2,50 

2.50 

m-Cy 

2.34 

1.635 

1.575 

! 2.02 

1.41 

Cs 

0.53 

0.233 

0.225 

0.45 

0 198 

R 

0.083 

0.007 

0.007 

0.082 

0.007 



5 . 625 



5.835 



5.432/4 

6.43xs 

6.43aX6 

5.43^6 

6.43x6 

Oe 

1.60 

1 . 652 

2.07 

1.87 

1.92 

O-Cy 

2.33 

2.53 

2.53 

2.28 

2.48 

m-Cy 

1.31 

1.76 

1.23 

1.11 

1.56 

Cs 

0.184 

0.41 

0.18 

0.16 

0.38 

R 

0 006 

0.081 

0.007 

6.017 

0.006 

0.081 


Po « 230(6.43)/6.017 « 246 Pa « 153®C. 
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6.43aa;6 

5.43?/e 

6.43x7 

6.43aX7 

5.432/7 

c. 

2.40 

2.12 

2.17 

2.72 

2.36 

O-Ct 

2.48 

2 20 

2.40 

2.40 

2 08 

m-Cr 

1 .09 

0 9f) 

1 41 

0.99 

0.86 

Cg 

0.17 

0.15 

0 37 

0.163 

0 14 

R 

0.007 

0 006 

0.081 

0 . 007 

i 0.006 


6.147 

1 


6.280 




6.43:c« 

«M0 

1 

1 6.43a.TK 

! ..J 

5.43J/8 

6.43xft 

6.43aX9 


2 41 

1 26 

1 1 

3 04 

2.61 

2.66 

3.35 

v>6 

o-Ct 

2.28 

1.31 

1 0 

0 675 

i 2 . 28 

i 0.88 ' 

1 . 95 

0 76 1 

2.15 

1 21 i 

2.15 
^ 0.82 

ni-Cv 

0.36 

0.392 

i 0.14 ! 

0 12 

0.34 

j 0.13 

V>g 

R 

0.081 

0 087 

i 0 007 

0.006 

0 081 

! 0 007 




6^347 



I 6.457 

1 



— 

5.432/9 

6.43a; u, 

6.43a, 0 

5.432/10 

6.43x11 

6.43aXii 

Cg 

2.82 

2 87 

3 62 

3.01 

3.06 

3.86 

0 -C 7 

1.81 

2.01 

2.01 

1 67 

1.87 

1.87 

m-C7 

0.69 

i 1 14 

1 0.77 

0.64 

1 09 

0.74 

Cg 

0.112 

0 34 

0 13 

j 0.11 

0.33 

0.13 

R 

0.006 

1 0.081 

0 007 

0.006 

0.081 

0 007 




6.537' 

1 


i 

6.607 



5.432/11 

6.43xi2 

! 6.43aXi2 

5.43j/i2 

c. 

3.17 

3.22 

4.06 

3.32 

0-C7 

1.54 

1 74 

1.74 

1.42 

m-C? 

0.61 

1.06 

0.71 

0.58 

Cs 

0.11 i 

1 0.33 

0.129 

0.105 

R 

0.006 

0.081 

0.007 

0.006 


1 


6.646 



P, = 202(6.43)/6.65 = 195; Tu = 146.5°C, 
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6.43^13 

6.43qi:Xi3 

2/13 

Ce 

3.37 

4.25 

0.634 

O-C 7 

1.62 

1.62 

0.242 

m-C? 

1.03 

0.70 

0.104 

Cs 

0.33 

0.129 

0.019 

R 

0.081 

0.007 

0.001 



6 T 7 O 6 



The ratio of phenol to o-eresol in the liquid on tlie thirteenth 
plate is ess("ntially that in the feed, and this plate was used as the 
feed plate. The calculations are then completed using a basis of 
one mol of distillate. On such a basis the operating line for 
ea(*h component lOo^n = ~ Xd and the remainder of the 

table is set up in this manner. 



2/13 

II2/13 

lOxu 

10a:.ri.i 

II2/H 

c« 

0.634 i 

6.974 

6.024 

7.59 

7.54 

0-C7 

0.242 

2 . 662 ! 

2.(517 

2.617 

2.60 

m-Cr 

0.104 

1.144 

1.14 

0.77 

0.77 

Cs 

0.019 

.209 

.209 

0.082 

0.081 

R 

0.001 

.011 

.011 

0.001 

0.001 





11.060 




10X15 

lOaxie 

lOj/u 

lOxift 

lOaxio 

ll?yi« 

10X17 

lOaxn 

113717 

Ce 

6.59 

8.3 

8.0 

7.05 

8.89 

8.38 

7.43 

9.36 

8.73 

0 -C 7 

2 . 55 

2.55 

2.46 

2.41 

2.41 

2.27 

2.22 

2.22 

2.07 

III-C 7 

0.765 

0.516 

0 . 498 

0.493 

0.333 1 

0.314 

0.31 

0.209 

0. 195 

Ce 

0.081 

0.032 

0.031 

0.031 

0.012 ! 

0.011 

0.011 

0.004 

0 . 004 

R 

0.001 

9 X 

8 X 10-6 

8 X 10-6 

r 

0 

X 

7 X 10-» 

X 

0 

4 

6 X 10“7 

6 X 10-7 



11.398 



11.645 



11.793 

i 
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lOxis 

lOcrJiH 

1 11?/1K 

10X19 

lOaxio 1 

1 

lUyi9 

! 10X20 

10aX2o 

112/30 

(V 

7.78 

9 81 

9 . 02 

8.07 

10.2 

9.3 

8.35 

1 0 . 55 

9.53 

o-Ct 

2.02 

2.02 

1 . m 

1.81 

1 .81 

1.05 

1 .60 

1.6 

1.44 

lH-Cy 

0.19 

0.128 

0. 1 18 

0.113 

0.076 

0.069 

0.064 

0 . 043 

0.0399 

Ch 

0.004 

0.002 

1 

X 

c 

2 X 10* 

8 X 10-< 

7 X 10-< 

7 X 10-* 

3 X 10”« 

3 X 10-4 



11.900 



12.080 



12.193 * 

1 



Po - 178(10/11.90) =« 149 = 138®C. 



10X21 


llyn 

10X22 

10£*X22 

1 1 2/22 

10X2.1 

l0aX23 

1 1 1/23 

Ce 

8.58 

10.8 

9.74 

8.79 

11.08 

9.91 

8.96 

11 30 

10. 1 

0 -C 7 

1.39 j 

1 . 39 

1.25 

1 .20 

1.20 

1.07 

1.02 

1.02 

0.91 

m-Cy 

0.035 

0.024 

0.022 

0.018 j 

0.012 

0.011 

0.007 

4.7 X 10-3 

4.2 X 10 * 



12.214 


j 

j 

12.292 



12.32 




10X24 

10aX24 

1 

lll/2fr 

10X26 

10ax26 

1 

111/26 J 

1 

1 0X26 

1 

l0aX26 

1/26 

Ce 

0 -C 7 1 

9.15 

0.86 

1 

11.52 

0.86 

10.24 i 
0.76 

i 

9.29 

0.71 

11.70 

0.71 

10.37 

0.63 

9.42 

0.58 

11.88 

0.58 

0.952 

0.047 

12.38 

12.41 

12.46 


Po = 154(10/12.38) - 124 r - 133®C. 


The concentration of m-cresol in the distillate is less than the 
assumed value, but a recorrection of this value would not make 
enough difference to be significant, and a material balance on this 
component is in essence satisfied. The results of the calculations 
are plotted in Fig. 67. 

It is interesting to consider what would happen if the feed had 
not been introduced on the thirteenth plate. This calculation 
has been carried out and the results plotted in Fig. 68. Up to 
the thirteenth plate, the results are obviously identical with 
those given in Fig. 67 ; but above this plate, the change of concen- 
tration per plate is much less in Fig. 68. By the twenty-sixth 
plate, all of the components have become almost asymptotic, and 
increasing the plates to an infinite number would make little 
difference in the concentrations from those for the twenty-sixth 
plate. Thus it is impossible to obtain the desired separation 
without having plates above the feed plate, since the asymptotic 
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0.001 0.002 0.004 0.006 0.008001 0.02 0.04 Q( 

Mol Fraction in Liquid 
Fig, 67. 
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ratio of phenol to o-cresol is less than the desired ratio in tlu^ 
distillate. The limit to this asymptotic ratio is obvious froni 
Fig. 68; since the o-cresol, m-cresol, xylol, and residue must all 
flow down the column, their concentrations cannot decreases 
below the value necessitated by material balance for their removal 
from the still. Although the concentration of the phenol is not 
limited by the same factor as tlu^ heavier components, it is limited 
by the fact that its value cannot exceed 1 minus the sum of the 
concentration of the heavier fractions; and since a minimum 



0.0) 0.02 0.04 0.06 0.1 0.2 0.4 0.6 1.0 

Mol Fraction in Liquid 
Fig. 08 . 


limit for the heavier components is fixed, a maximum for the 
phenol is likewise fixed. The condition illustrated in Fig. 68 
around twentieth to twenty-sixth plate is termed ‘‘pinched in^’; 
?.c., conditions are so pinched that effective rectification is not 
obtained. As soon as the feed plate is passed, this pinched-in 
condition w^ould be relieved, since the heavier components would 
decrease rapidly, as in Fig. 67, thereby allowing the phenol to 
increase. 

At a lower reflux ratio, the enrichment per plate would be 
reduced, and more plates required for a given separation. Figure 
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0.001 0.002 0.004 0.006 0.0080.01 0.02 0,04 0.06 0.08 0.1 

Mol Fraction in Liquid 
Fig. 69. 
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69 gives the results for the same conditions as Fig. 67, except that 
0/D was 7 instead of 10. The number of plates increases from 
26 to 35. It is to be noted that the asymptotic values of the 
concentrations of the heavier components in the lower part of 
the column also increase; this results from the fact that there is 
less overflow in this section of the tower. 

For this separation, the minimum 0/D is estimated at 5.6 (see 
page 174); and by Fenske^s equation (page 167), the mini- 
mum number of plates at total reflux becomes 

log (0.95/0.0452) (0.202/0.0524) _ 1.908 _ 

" log 1.26 - o.i “ 

n = 18 theoretical plates 

and the curve of 0/D vs. the number of theoretical plates is given 
in Fig. 70. With only the two 
stepwise calculations, this curve 
is of sufficient accuracy to be 
used for cost estimates (see page 
97) without further stepwise 
calculations. 

Minimum Theoretical Plates 
at Total Reflux. — The minimum 
number of theoretical plates for 
a given separation is obtained at 
total reflux, the same as for a 
binary mixture. This minimum 
can be calculated by the stepwise 
method, using the operating line 
y ~ X for each component for 
both sections of the column. 

Such a calculation will give the 
concentration and conditions 
through the tower. However, 
such internal conditions for this 
limiting case are not usually 
necessary, and the calculations can be greatly simplified. The 
assumptions made on page 94 for the calculation of the minimum 
number of plates in the development of Fenske’s (1) equation 
apply to the components of a multicomponent mixture, and by 



Fig. 70 . 
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its application this limiting condition is easily calculated. In 
general, when applying Fenske^s equation to a multicomponent 
mixture, it is desirable to use the two components whose con- 
centrations are most accurately known in the distillate and 
residue, and most often these two components are the key 
components. 

Feed -plate Location. — The criterion for the optimum location 
of the feed plate is that the relative enrichment of the key com- 
ponents should be a maximum. As with binary mixtures, the 
feed plate corresponds to the step that passes from one operating 
line to the other. The change from one operating line to the 
other should be made just as soon as it will give a greater enrich- 
ment than continuing on the same operating line. In coming up 
from the still, the feed plate is the last step on the lower operating 
line; calling this the nth plate, and the key vapors entering, 
yikin^i) and yhkin-D, for the light, or more volatile, and heavy, or 
less volatile, components, respectively, the foregoing criterion 
states that if the nth plate is the optimum position for the feed, 
then the x ratio on this plate should be greater when calculated 
by the lower operating line from the 2/„_i values than by the 
upper operating line, or 



, W D 

yik(7k~\) “r X^wlk yik{n—l) ^ ^Dlk 
y m y n 

' " = D 

Vklun-l) T" ^-X^hk yik^n-1) ~ ^ X uhk 
y m y n 


( 3 ) 


which by combining with Fn = Vm + {p + l)F and 


becomes 


Wxw -h Dxd = Fzf 


(-) S 

\Xhk/n 


I W(p + 1) 

Zyik T“ jr ■ Xwlk 

y m 

ZFhk + vy-Cp + l)x,,hk 
y m 


( 4 ) 


Also, by this criterion the x ratio on the (n + l)th plate shoulcj 
be greater when calculated by the upper than by the lower operat- 
ing line: 
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D 

ynlh "V • 


D 

y nhk ^'Dhk 


, W 

ynlk I rr ^wlk 

V m 

]7r 

ynlk *T“ 1^ Xwhk 

y m 


which gives 



Zpik ~ p7"(p + 1)^ 


ZFhk - ^(p + l)x 


Dlk 


Dhk 


(5) 


(6) 


The right-hand sides of Eqs. (4) and (6) are equivalent and 
(^qual to {xik/xhk)iSbi^ given by the intersection of the operating line; 
thus, since n is now the optimum feed plate, th(i subscript may be 
changed, and the criterion for the feed-plate step becomes 



Zpik + 


Zphk + 


K 

w 


(p + l)x wlk 


(p + l):rw.A: 



where (xik/xhk)i is the ratio of the key components as given by the 
intersections of the operating lines. However, it should be 
emphasized that th(' feed plate does not necessarily step across 
the intersection of tlie operating lines, as it does for a binary, but 
simply that the ratio of the keys for the optimum feed-plate step 
passes over the ratio of the values given by the operating-line 
intersections. The absolute value of both key components may 
be several times the values given at the intersection, provided the 
ratio satisfies Eq. (7). 

Minimum Reflux Ratio. — As in the case of binary mix- 
tures, there is a reflux* ratio below which it is not possible to 
obtain the desired separation of a multicomponent mixture even 
when an infinite number of plates is used. The calculation of 
this minimum for a multicomponent mixture is much more 
involved than for the corresponding binary mixture. This diffi- 
culty is due to the fact that, whereas in a binary mixture with a 
normal volatility curve, the pinch,” or “limit,” so occurs that 
the concentration of the feed plate and the plate above are iden- 
tical, in the multicomponent mixture this is not true, since large 
amounts of heavy, essentially nonvolatile components may be 
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l)resont on the feed plate, but the same eompoiieiits would appear 
in much smaller concentrations on the plate above, thereby 
causing a sharp (;oncentration break between these plates even at 
minimum reflux. 

However, the limit for a complex mixture of normal volatility 
does occur at the feed plate; thus, proceeding up from the still 
using the lower operating line at a given 0/D, there is a maximum 
ratio in the vapor (or liquid) of the light key component to the 
heavy key component which can be attained even if an infinite 
number of plates an* eunployed. This is very clearly illustrated 
in Fig. 68, where the ratio of the key (a)mponents on the twenty- 
sixth has become practically asymptotic. Similarly, proceeding 
down from the condenser using the upper operating lim* at tlu* 
same 0/D, there is a minimum ratio of the key components in the 
vapor that can be attained even, with an infinity of plates. For 
the column to be operable, at this given 0/D, it is necessary 
that the maximum ratio of key components in the vapor from 
below the feed shall be equal to or exceed tlu* minimum ratio 
obtained from above. If these limiting ratios are just equal, an 
infinite number of plates are required, and the 0/D is the mini- 
mum reflux ratio for the separation. If tin* maximum exceeds 
the minimum, then a finite number of plates will accomplish the 
s(q)aration at the 0/D employed. The calculation of the mini- 
mum 0/D then involves the determination of the reflux ratio in 
such manner that the maximum ratio of key component exactly 
equals the minimum ratio. 

In proceeding up from the still, at this pinch the ratio of th(* 
key component in the liquid is given by Eq. (7) as 

(— ) = ( 8 ) 

\Xhk/ f \Xhk/i 

The < sign is omitted, since the size of the steps at this point is 
e.ssentially zero. Likewise, 

(£-) = (£<A = (£-) ( 9 ) 

\Xhkff^l \Xhk/i \Xhk/f 

Equation (9) states that the ratios of the key components in 
the liquid on the feed plate and the plate above are equal at the 
minimum reflux ratio, a condition that is not true at reflux ratios 
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greater than the minimum. However, this equation does not 
state that the concentrations on the two plates are equal: it is only 
the ratios that are equal. By making the following substitutions. 

( ^ 

\Xhk/f oLii\yhk/ f 

and 

^ ynVlkf — Dxpik 
^hk/ /-f-1 V nyhkf I^^Dhk 

Equation (9) becomes 

/0\ _ 1 / Xnik 

Wn.m. (a« - “"*W ^ ^ ^ 

Equation (10) gives the minimum 0/D, but in general is difficult 
to use, because the absolute values of yikf and ynkf are generally 
not known, only their ratios being defin(‘d. Equation (10) can be 
modified to 



(oilk 


OChk XiJlk 

- cxhk)yhk/l (xik/xhk)i 


X Dhk 


1 (11) 


and yhkf can b(‘ set (‘(pial to Kh/kXh/h- x/,k/ is calculated by 
(yik\ ^ ocuY xii\ ^ {xik)f - W/p)xikw 

\jJhk//-\ OLfik\Xhlc/f—l \xhh^ f (lE/0)^/j^ 


and when the column is pinched in, xik{f-\) is approximately equal 
to xikfj and the same holds for the heavy key, giving 


Xhkf 


OLlkiJi^ /O^Xhkw 

(Xlk — OLhk -f OLhkW IO){sClkv) /X Ik f 


(12) 


In general, the last term of the denominator may be neglected, 
since a/„ TF/0, and {xikw/xikf) all are small, likewise, for all 
components heavier than the heavy k(‘y component. 


Xhf 


aik(W/0)Xk. 

otlk “ OLh + Oth(W /(y){xik,v/xikf) 


(13) 
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A similar derivation for the components lighter than the light key 
component gives 

Equations (11) and (12) are combined to give 

[(I-‘)©L. = [(S-0(ot^)L. 


KhkfO^ikXkkw 


{Xik/Xhk)i 


xvkk ( 15 ) 


Knowing the relative volatilities, p, and the terminal conditions, 
it is possible to solve the foregoing equation by trial and error. K 
and Vm are assumed, and (xik/x),k)i calculated from Eq. (7). If 
p equals —1, then only K need be assumed, since 


(Xik/Xkk)t = {Zlk/Zhk)F 

for this condition. With these valiuis of K and the intersection 
ratio, On is calculated from Eq. (15), and the assumed values of 
Vm can be checked. The assumed value of K is checked by cal- 
culating the feed-plate composition from Eqs. (13) and (14) 
together with the facts that (xik/xhk)/ — {xik/xhk)i and that the 
sum of the mol fractions must equal unity. In the use of Eqs. 
(13) and (14), the last terms of the denominators are, in general, 
neglected. Such a trial-and-error procedure is time consuming 
but in general a knowledge of the minimum 0/D is of sufficient 
use to justify the expenditure of effort. 

The trial-and-error j^rocedure can be incorporated into Eq. 
(11). Using Eqs. (12), (13), and (14), 

( Xwhk 1 

I 

OLlk — Cthk/ 

hk^ 

IV 
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which gives 

+ 1 = 

min. 

U \Xhk/ijaiic — ahk — Oih/ 

kk^ 

Ji: (16) 

Xtehk 

where ^ signifies the sum of all such groups for the components 
hk * 

heavier than the heavy key component, and ^ the sum of all 

such groups lighter than the light key component. Equation 
(16) involves no trial and error for the case of an all-liquid feed 
for which Vm = Fn. For feeds containing vapor, trial and error 
is involved, since {xik/xhk)i and Vm/Vn are not known until the 
reflux ratio is known. 

In deriving Eq. (16), use was made of E^qs. (12), (13), and (14) 
together with the fact that the sum of the mol fractions was 1 . 
In addition, there is also the condition that 

{Xik/Xhk)/ = {Xik/Xhk)i- 

Only four of these five conditions are truly independent; but 
owing to approximations, the fifth does not quite reduce to an 
identity of the other four; and by using a different set of four out 
of the five, modifications of Eq. (16) may be obtained; but all 
give essentially the same result. 

Equation (16) will be applied to some of the previous examples. 
1. Benzene-toluene-xylene example (page 139). The key com- 
ponents are benzene and toluene, and the design conditions are 
given below, 

p = — 1 IF = 39.9 mols D = 60.1 mols 


C. 

C7 

Cs 


Residue 

Distillate 

Feed 

Relative 

volatility 

0.005 

0.99.5 

0.60 

2.5 

0.744 

0 00.5- 

0.30 

1.0 

0.251 


0.10 

0.45 
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Minimum 0/D by Eq. (16): 


( 9 ) 


^ +1 = 


+(^45)(0.251)U .__0.995 _ 

\[^ +^-5^0 30^j2 5 _ 1 + 2.5 - 0.45 fL (0.60/0.30) 


0.744 


= 2.01 


(a 


1.01 


2. Plienol-cresol probknn. 


p = — 1 W — 66.84 mols D = 33.16 moLs 



Feed 

Residue 

Distillate 

Relative 

volatility 

Cb 

0.35 

0.0524 

0.95 

1.20 

0-C7 

0. 15 

0.202 

0.0452 

1 .0 

m-C? 

0 30 

0.447 

0.0048 

0 603 

Cs 

0.15 

0.224 


0.394 

R 

0.05 

0.075 


0 087 


( 9 ) 


+ 1 


] + 1.26 


/o.ssN 

Vb7i5/ 


0.202 


1.26 - 1 


+ 


+ 


(0.087) (0.075) ( 
1.26 - 0.087 I 


(0.663) (0.447) 
1/26 - 0.663 
0.95 


+ 


(0.394) (0.224) 
1.26 - 0.394 


(0.35/0.15) 


0.045 


0.202 


= 6.6 



= 5.6 


3. If, in the preceding example, p had been zero instead of 
— 1, trial and error would have been required. The solution for 
the case of p = 0 is solved by assuming 

(bL - - Kb + 0 - 
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By Eq. (7) 


^ 0.35 + (66.84/J 65) (0.0524) 

\xhk/i 0.15 +'(66.84/l65)(a202) ” 

+ 1 = 

^ri a. 1 9fin finiM0'202 , (0.663) (0.447) (0.304) (0.224) 

|[1 l-26(1.603)]-^^g: + - - + 


(0.087) (0.075)1 
1.173 / 


0.95 

1.603 


- 0.045 


0.202 


= 8.0 


(sL - ^ < 


If the calculated value of 0/D had not checked the assumed 
value, the calculation would have had to be repeated. 

As a further illustration, the estimation of the number of 
theoretical jjlates for a gasoline stabilization will be considered. 
The feed composition is given in the table, on page 176 and the 
tower is to operate at 250 lb. per square inch gage. A reflux 
ratio of 2 will be used in tlie upper portion of the tower, and the 
feed will enter such that {0/V)„, below the feed will be 1.5. It is 
desired to recover 96 per cent of the normal butane with the 
stabilized gasoline, but this bottom product is to contain not over 
0.25 mol per cent propane. 

In preparing this table, it was assumed that the concentrations 
of all components lighter than propane were negligible in the 
residue and that all components heavier than n-C 4 were negligible 
in the distillate. The isobutane is intermediate to the propane 
and n-butane and therefore will appear in appreciable qu>m titles 
in both the distillate and residue. Since the i-C 4 is more volatile 
than n-C 4 , the following table was prepared on the assumption 
that 20 per cent of the i-C 4 in the feed would appear in the over- 
head. The volatilities relative to n-C 4 are given in Fig. 71. 
These relative volatilities are bavsed on the fugacity data of Lewis 
and CO workers.^ The equilibrium constant K for n-C 4 is also 

1 Ind. Eng. Chem., 26, 725 (1933); Oil Gas J., 32, No. 45, pp. 40, 114 
(1934). 
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Feed 

Residue 

Distillate 


Mol 


! Mol 


Mol 



Mols/lOO feed 


M()ls/T(K) 



per c(‘nt 


j per cent 


per cent 

CH4 

2.0 



2.0 

6.33 

C 2 H 6 

10 0 



10 0 

31 60 

CaHe 

6.0 

1 




6 0 ! 

19.00 

CaH, 

12 5 

0 . 002.5 ir 

0 25 

12.5 - 0.002511' 

39.00 

i-CiHio 

3 5 

2.8 

4 10 

0.7 

i 2.2 

n-C^Hio 1 

15.0 

14.4 

21.10 

0.6 

1.9 

C5 

15.2 

15.2 

22 20 



Ce 

11 3 

11.3 

16.50 



C 7 

9.0 

9.0 

13.20 



Ca 

8.5 

8.5 

12.40 



360°F. 

7.0 i 

7.0 

10.20 




|68.2 +0.002.'>H' 


31,8 - 0.0025ir 



68,2 4- 0.0025M^ - 
W - 68.4; /> = 31.6. 


plotted in this figure. Since the overhead is very volatile, it will 
be removed as a vapor, only enough liquid being produced in the 
partial condenser to furnish reflux. It will be assumed that the 
reflux from the condenser leaves in equilibrium with the overhead 
vapor. 

Starting at the composition of the overhead vapor, the calcula- 
tions are carried down the column by the use of the equations 
given on page 154. These calculations are summarized in 
Table I. The first column of this table gives the components, 
the second column lists the vapor concentrations for the plate in 
question, and the third column gives the a values at the assumed 
temperature. The next column gives the values of the vapor 
concentrations divided by the relative volatility, and by using 
Eq. (2) on page 154, the liquid concentrations for this plate 
are obtained by dividing the values of the fourth column by the 
sum of all of the values in the fourth column. On the basis of 
1 mol of overhead vapor or product, there are two mols of reflux, 
and for this reason the fifth column lists twice the concentrations 
obtained from column four and is therefore the actual mols of 
overflow for the basis chosen. There will be three mols of vapor 
to the plates and the mols of each comp)onent in the vapor to any 




- Relative Volatility 
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Table I 

Basis: 1 mol overhead vapor; 0/D — 2 



you. 

«11K1 

yp.H. 

a 


Zyr 

Cl 

0.0633 

36.5 

0.00173 

0.012 

0.075 

c. 

0.316 

7.4 

0.0427 

0.296 

0.612 

Ca- 

0.190 

3.0 

0.0633 

0.440 

0.630 

Ca 4“ 

0.390 

2.7 

0.144 

1.000 

1.390 

i-C4 

0.022 

1 3 

0.0169 

0.117 

0.139 

n-C4 

0.019 

1.0 

0.019 

0.132 

0.151 




0 2876 




K„-o, = 0.287(i r = 

98°F. 



3?/r 

«10l» 

Syr/ot 

2X7’ 

Syr-i 

Cl 

0.075 

36-5 

0.0021 

0.004 

0.067 

C 2 

0.612 

7.4 

•0.0826 

0.155 

0.471 

Ca- 

0 630 

3.0 

0 210 

0.394 

0.584 

C 3 + 

1 . 390 

2.7 

0.515 

0.965 

1.355 

i-C4 

0. 139 

1.3 

0.107 

0 200 

0.222 

n-C4 

0.151 

1.0 

0. 151 

0.283 

0.302 




1 067 




Kn.iU 

= 1.067/3 = 

= 0.356 

T = 120°F. 



3?/r-i 

«100 

Syr-i/cc 


3 y 7’-2 

Cl 

0.067 

36.5 

0.0018 

0 T 0029 

0.0^ 

C 2 

0,471 

7.4 

0.0637 

0 103 

0.419 

C 3 — 

0.584 

3.0 

0.195 

0 316 

0-506 

Cs4- 

1.355 

2.7 

0 501 

0.810 

1.200 

i-C4 

0 222 

1.3 

0.171 

0.277 

0.299 

n-C4 

0.302 

1.0 

0.302 

0.487 

0.508 




1.2345 



K^-c\ = 0.41 T = 130°F. 


CO 

CK150 

Syr-i/a 

2X7’- 2 

Syr.s 

c. 

0.066 

26 

0.0025 

0.003 

0.066 

C 2 

0.419 

6 

0.070 

0.091 

0.407 

C 3 - 

0.506 

2.6 

0.195 

0.253 

0.443 

Cs”!* 

1.200 

2.3 

0.522 

0.678 

1.068 

i-C. 

0.299 

1 .23 

0.243 

0.315 

0.337 

n-C4 

0.508 

1.0 

0 508 

0.660 

0.679 




1.5405 




Kn.c, = 0.51 T = 150“F. 
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plate above the feed plate must (^qual tlu^ sum of the mols of 
that component in the product and in the overflow from that 
plate; the sum of the values in column fiv(‘ plus th(‘ values 
in yo.H.. These vapor values for the plate below are listed in 
the last column of the table. In Table II, for the calculation 
beginning at the still, a similar procedure was used (‘mploying 
Kq. (1) on page 154 and using a basis of 1 mol of residue. 

A temperature of 100°F. was assum(‘d for th(‘ partial (H)n- 
denser, and the (;al(‘ulated temp(iratures based on 
given for each plate. At the second plate below the toj.) plate, 
the a values are shifted to 150°F. The liquid on the second 
plate below the toj) plate has a ratio of C^Hs/n-Cb, a little 
higher than the feed ratio, and this plate will be made the 
last plate above the feed; f.e., the feed ])late will ])(‘ the fourth 
from the top of the column. If an attemj)t is made to carry the 
calculations farther down the tower, a serious difficulty will be 
met in that no components heavier than n-C 4 have been con- 
sidered, but they are much too large to be neglect(‘d below the 
feed plate. The most satisfactory solution to this difficulty is to 
drop to the still and calculate up to the feed plate. These cal- 
culations are presented in Table II. Su(*h calculations are 
continued until the ratio of C 3 H 8 /n-C 4 in thc^ vapor from some 
plate is approximately the same as the ratio in th(^ vapor cal- 
culated from the feed plat(‘ in Table I. Thus, it is found that 
the vapor from plate 8 of Table II gives the ratio approximately 
equal to the ratio on the T-A })lat(^ of Table I. Thus, approxi- 
mately eleven theoretical plates in addition to the still and partial 
condenser are required. The vapors below the feed plate cral- 
(uilated from above and below do not appear to match very satis- 
factorily, because different components are pn^sent in the two 
calculations. This match can be made more satisfactory by 
allowing for the heavier components in the calculations a few 
plates above the feed plate and for the light components a few 
plates below the feed plate. The plates on which these com- 
ponents are first introduced into the calculations must be suffi- 
ciently far removed from the feed plate so that the material 
balances on these plates are not appreciably altered. 

Thus, in Table III, the results of Table II are dropped back 
to the seventh plate, and the C 2 and Ca— added; and then on the 
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Table II 


Basis: 1 mol residue; {0/V)m = 1.5 




Of 800 

OtX^ 

2y. = 2aX./ZaX 

3Xi 

Cs 4- 

0.0025 

2.0 

0.005 

0.020 

0.0225 

i.C4 

0.041 

1.18 

0 048 

0.191 

0.232 

n-C4 

0.211 

1.0 

0 211 

0.840 

1 .051 

C 5 

0.222 

0.58 

0.129 

0.513 

0.735 

Ce 

0.165 

0.38 

0.0627 

0.249 

0 414 

c, 

0.132 

0.215 

0.0284 

0.115 

0.247 

Cg 

0.125 

0.12 

0 0150 

0.060 

0.185 

360° 

0.102 

0.038 

0.0039 

0.016 

0.118 




0.503 




Kn- 

0, = l/O-.^OS = 1.99 

T = 333°F. 



3Xi 

^*^300 

3q:A 1 


00 

C 3 + 

0.0225 

2.0 

0.045 

0.044 

0.0465 

i-C. 

0.232 

1.18 

0.273 

0.269 

0.310 

n-C4 

1.051 

1.0 

1.051 

1.035 

1.246 

c. 

0.735 

0.58 

0.426 

0.420 

0.642 

Cg 

0.414 i 

0.38 

0.157 

0.155 

0.320 

C 7 j 

0 247 

0.215 

0.053 

0.052 

0.184 

Cg 

0.18,5 

0.12 

0.022 

0 . 022 

0.147 

360 

0 118 

0.038 

0.005 

0 005 

0.107 




2.032 




Kn- 

C4 = 3/2.032 = 1.48 

T = 285°F. 



3 X 2 

CKSOO 

30X2 

2y2 

3X3 

Ca + 

0.0465 

2.0 

0.093 

0.082 

0.0845 

i-C, 

0.310 

1.18 

0.365 

0.323 

0.364 

n-C. 

1.246 

1.0 

1.246 

1.103 

1.314 

c, 

0.642 

0.58 

0.372 

0.329 

0.551 

C. 

0.320 

0.38 

0.121 

0.107 

0.272 

c, 

0.184 

0.215 

0.040 

0.035 

0.167 

c» 

0.147 

0.12 

0.018 

0.016 

0.141 

360 

0.107 

0.038 

0.004 

0.004 

0 106 




2.259 




^ = 1.33 r - 273‘’F. 
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Table W.—ifionlinwR) 



SX, 

Of 2 5(1 

I 

SaX, 

2?/ .3 

3A4 

Cr,4- 

0 0845 

2 03 

0 172 

0.147 

0.1495 

i-C, 

0 . 364 

1 18 

0 430 

0 367 

0.408 

ri-C 4 

1 .314 

1 0 

1 314 

1 120 

1 331 

C5 

0 551 

0 55 

0 302 

0.258 

0.480 

Ci. 

0.272 

0 30 

0 082 

0 070 

0 . 235 

Cv 

0 107 

0 172 

0 029 

0 025 

0.157 

Ch 

0 141 

0 090 

0.013 

0.011 

0.136 

300 

0.106 

0 022 

0.002 

2.344 

0 . 002 

0.104 



AA.C4 - 1.28 

T - 265"'F. 



3 A* 4 

0:250 

3 qA" 4 




3A5 

C3 -h 

0 1495 

2 03 

0 304 



0 244 

0 2465 

i-C4 

0 408 

1 18 

0 481 

0 386 

0 427 

n-C 4 

1.331 

1 0 

1 .331 

1 070 

1.281 

c, 

0 480 

0 55 

0 . 2()4 

0 212 

0 434 

Ce 

0 235 ! 

0 30 

0 071 

0 057 

0 222 

C; 

0 157 ! 

0 172 

0 027 

0.022 

0.154 

Cs 

0.136 

0 090 

0 012 

0.010 

0.135 

3()() 

0.104 

0.022 

0.002 

0 (K)2 

0.104 



i 

2 492 





K„c, = 1.2 

T - 256"F. 



3A5 

0:260 

3af A" 5 


CO 

Cs 4* 

0.2465 

2.03 

0.500 

0 380 

0.382 

i-C 4 

0.427 

1 . 18 

0.504 

0.383 

0 424 

n-C 4 

1 281 

1 0 

1 281 

0 975 

1 186 

Cs 

0.434 

0.55 

0.238 

0.181 

0.403 

c« 

0.222 

0.30 

0.067 

0.051 

0 21() 

C7 

0.154 

0.172 

0.027 

0 021 

0.153 

Cs 

0.135 

0.090 

0.012 

0 009 

0.134 

360 

0.104 

0 022 

0.002 

0 002 

0 104 




2.631 




K„.c, = 1.14 T = 260°F. 
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Table 11. — {Continued) 



30^6 

«2fc0 

SauCfi 

2?/<i 

3 .C 7 

r* 1 

0.382 

2 03 

0.776 

0.556 

0 558 

v^3 -r 

i-C, 

0.424 

1.186 

1 , 18 

1 0 

0.501 

1 186 

0.359 

0.850 

0 400 
1.061 

n-C^ 

0.403 

0.55 

0.222 

0.159 

0.381 

c« 

p 

0.216 

0.153 

0.30 

0. 172 

0.065 

0.026 

0.047 

0.019 

0 212 
0.151 

'-'7 

p 

0. 134 

0.090 

0.012 

0.009 

0.134 

V-'8 

3G0 

0.104 

0.022 

0.002 

0.001 

0.103 




2.7^) 




= 1.075 r = 24rF. 



Zx^ 

0:250 

ZctXi 

2yi 

3x8 

Cs-f* 

0.558 

2 03 

1.135 

0.762 

0.764 

i-C4 

0.400 

1 , 18 

0.472 

0.317 

0.358 

n-C4 

1.061 

1.0 

1 061 

0.713 

0.924 

C 5 

0.381 

0.55 

0.210 

0.141 

0.363 

Cc 

0.212 

0.30 

0.064 

0 . 043 

0.208 

Cr 

0.151 

0.172 

0 026 

0 018 

0.150 

Cg 

0.134 

0.090 

0.012 

0.008 

0.133 

360 

0.103 

0 022 

0.002 

0.001 

0.103 



i 

2.982 


1 


Kn-Q, = 1.01 T = 232°F. 



3x8 

OC260 

3crX8 

2y% 

Cs-h 

0.764 

2.03 

1 . 550 ' 

0.970 

i-C4 

0.358 

1.18 ^ 

0.422 

0.264 

n-C4 

0 924 

1.0 

0.924 

0.578 

Cs 

0.363 

0.55 

0.200 

0.125 

Ce 

0.208 

0 30 

0.062 

0.039 

C 7 

0.150 

0.172 

0.026 

0.016 

c. 

0.133 

0.090 

0.012 

0.008 

360 

0.103 

0.022 

0.002 

0.001 




3.198 

1 



Kn^c, = 0.94 T « 220'‘F. 
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Table III. — Rematching Feed Plate from Below 



3X7 

. 

-0^226 

3aX7 

2y, 

3xg 

Cl 


19.3 

5.1 



0.0045 

C.. 

0 036 

0.181 

0.100 

0.100 

Ca- 

0, 183 

2.37 

0.432 

0.240 

0.240 

-h 

0 . r)59 

2.07 

1 . 155 

0 . 642 

0.644 

i-Ch 

0.400 

1 . 18 

0.472 

0.262 

0.303 

n-C4 

1.061 

' 1 .0 

1 .061 

0 590 

0.801 

Cb 

0.381 1 

0 53 

0 . 202 

0 112 

0.334 


0 212 

0 . 27 

0.057 

0 . 032 

0.197 

("v 

0 151 

0.15 

0.023 

0.013 

0.145 

c« 

0.134 

0.072 

0.010 

0 . 006 

0.131 

360 

0.103 

0.016 

, 0.002 

1 3.595 

0.001 

0.103 


A'n-c. =0.833 T =20r)°F. 



3x8 

<*200 

3q:Xs 

Z/8 

Cl 

0 . 0045 

21 

0 , 094 

0.024 

c,> 

0 100 

5.3 

0.530 

0.134 

Ca — 

0.240 

2.4 

0.576 

0.146 

Ca 4- 

0 644 

2.1 

1 . 350 

0.341 

i-(h 

0 303 

1 2 

0.364 

0.092 

n-Ch 

0.801 

1.0 , 

0.801 

0 203 

Ca 

0 . 334 

i 0.5 

0.167 

0.042 

Ce 

0.197 

0.24 

0 047 

0.012 

Cv 

0.145 

0.125 

0.018 

0.004 

Cs 

0.131 

0.057 

0.007 

0.002 

360 

0.103 

1 

1 

0.012 i 

0.001 

3.955 

0.0003 


AVc4 = 0.76 T = 188°F. 


eighth plate the Ci is introdueed. It is obvious that the con- 
centrations of these light components should be added such that 
the vapor from the eighth plate will give a match of these com- 
ponents with the T-3 vapor of Table I. This matching, in 
general, requires trial and error but can be simplified by 
the fact that for these light components Vmym = Om+i^rm+i giving 
Xyn = 2aa:/a(0/7)rna:m+i, which allows the change per plate to be 
easily estimated. Similarly above the feed Table I is dropped 
back to the T-1 plate in Table IV, and the Co and Ce components 
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added, and the C7, Cs, and 360°F. components are introduced 
on the T-2 plate. After such adjustments, it is noted that the 
vapor ys of Table III and the vapor yr.s of Table IV give a very 



satisfactory match. The i-C 4 from Table IV is a little higher 
than in Table III, indicating that a little less than 20 per cent of 
the i-C 4 would go overhead, but the difference is so small that it 
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doew not justify readjusting. While this matching gives a more 
satisfactory-looking design, it, in general, does not alter the 
(H)nc,lusion as to the number of theoretical plates as obtained from 
Tables I and II. 

Thcvse con(‘entrations are plotted in Fig. 72. 


Table IV. — Pematc hing Peed Plate from Above 



2xt-\ 


ai 60 

^yr-t/oL 

2xt 2 

yr-i 

Cl 

0.(X)29 

0.000 

26 

0.0025 

0.003 

0.022 

c. 

0.103 

0.419 

0 

0.070 

0.084 

0.133 

Ca- 

0.310 

0 . 500 

2.0 

0.195 

0.233 

0.141 

C.3 + 

0.810 

1.200 

2.3 

0.522 

0.624 

0.338 

i-C4 

0.277 

0 . 299 

1 .23 

0.243 

0.290 

0.104 

n-C, 

0.489 

0 508 

1 .0 

0.508 

0.600 

0.208 

C5 

0.045 

0.045 

0.43 

0.105 

0.125 

0.042 

Ce 

0.005 

0.005 1 

0.18 

0.028 

0.033 

0.011 

C 7 





0.012 

0.004 

Cg 

300 ! 

1 


i 

1 ‘ ■ 

i 

1 

i ! 

1 .674 

1 i 

0.006 

0.0009 

1 1 

0.002 

0.0003 

i 


AT-r, -0.50 T =ir>3^F. 


A heat balance around the f(‘('d plat(^ indicates that the feed 
should enter as a licpiid at about. 130®F. to give the vapor and 
liquid flows assumed. 
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CHAPTER XVI 


RECTIFICATION OF COMPLEX HYDROCARBON 
MIXTURES 

The analysis of distillation problems involving the usual 
mixtures met in petroleum refining is made particularly difficult 
on account of the fact that the composition of these mixtures 
with reference to their pure components is not definitely known. 

The naphthas and oils of higher boiling point, however, are 
mixtures of members of many series of hydrocarbons, many of 
the substances present having boiling points so close together 
that it is practically impossible to separate them by fractional 
distillation. Therefore, there has been developed the use of the 
true-boiling-point curve of these complicated mixtures to give 
as good an indication as possible to their composition. 

The technique of the determination of the true-boiling-point 
curve is simple. It consists merely of the distillation of the 
sample of oil in the laboratory in a flask that is fitted with a 
rectifying column and a reflux condenser. The column must be 
a relatively tall one, and the reflux ratio must be very great. 
It has been found that when distilling a liter sample, the dis- 
tilling flask should be of about 2 liters capacity and the column 
should be of the filled type, about 2 in. in diameter and about 
4 ft. high, well lagged with an excellent heat-insulating material. 
In a device of this sort, the ratio of reflux to distillate should be 
not less than 30 to 1. 

The ordinary simple distillation of a complex mixture, such 
as is obtained approximately by the Engler or A.S.T.M. distill- 
ation, gives a boiling-point curve of the type shown in Fig. 73, 
curve A, The true-boiling-point curve for the same mixture 
would resemble curve B in the same figure if the constituents 
present were not too close together in boiling points. In most 
petroleum mixtures, however, the number of components is so 
great that the steps shown in curve B become very close together 
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and disappear entirely. This type of curve is shown as curve B 
in Fig. 74. 

It is customary to consider a short distance along such a true- 
boiling-point curve as representing a pure component; that is, 



0 100 
PcrCenf Distilled 0/cr 
Fig. 73. 


that fraction coming over as distillate between 39 and 40 per cent 
might be considered as a pure component, the boiling point of 
which, at the pressure at which the distillation was carried out, 



0 '3940 100 

Per Cent Distilled Over 
Fig. 74. 


being the average of the two temperatures corresponding to 
39 and 40 per cent. 

If the distillate during such a true boiling-point distillation 
were to be divided into two fractions at some convenient point 
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A, corresponding to the temperature t\, and simple distillation 
curves and true-boiling-point curves obtained for the two frac- 
tions, the results would resemble the curves shown in Fig. 75, 
where the curve B is the original true-boiling-point c'urve and 
B' the Engler distillation curve for the same mixtiin\ The true 
and the Engler curve of the two fractions are shov^n as C and D 
(*urves for the more volatile and the less volatile* fractions, 
respectively. 



Fig. 75 . 

Such a separation into two fractions represents the* maximum 
separation possible by fractional distillation. It is obvious that 
as many separate fractions as desired could have been maele in 
such a true boiling-point distillation, each one of whie*h would 
contain no substances that were present in any of the other 
fractions in so far as it would be possible to detect them by dis- 
tillation means. 

Commercial fractionation never gives su(*h complete separation 
as is obtained in the laboratory apparatus just described, and 
it approaclies it only in so far as it is desired to obtain as great a 
yield of a certain fraction as is commercially practicable. It 
will be of interest to indicate a method by which it is possible to 
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estimate the requirements for commercial apparatus for specific 
separations. 

The Method of Lewis and Wilde. ^ — This method makes use 
of the Sorel method for the determination of the number of 
plates in a rectifying column described in Chap. XIII, modified 


Summary of Data Observed at Battery and in Laboratory 


Item 

Column tem- 
perature, degrees 
Fahrenheit 

Gravity, degrees 
A.P.I. 

Average boiling 
point, degrees 
Fahrenheit 

Molecular 

weight 

Rate, gallons 
per hour 

Feed to battery 


38.6 



28,920 

Total gasoline produced 


58.4 



10,200 

Gasoline from still ISJo. 4 

330 

50.6 

320 

112 

1,585 

Feed to still No. 4 

446 

30.8 

460 

230 


Residuum from still No. 4. . . . . 

490 

29.2 

515 

250 


Kerosene from still No. 5 


45.3 

405 


2,000 

Liquid on plate 1 

447 

32.7 

403 



Liquid on plate 2 

442 

32.6 

457 



Liquid on plate 3 

438 

34.0 

444 

212 


Liejuid on plate 4 

391 

44.8 

402 

141 


Liquid on plate 5 

373 

46.9 

388 

140 


Liquid on plate 6 

370 

47.5 

380 



Liquid on plate 7 

360 

47.8 

377 



Liquid on plate 8 

358 

48.1 

372 



Liquid on plate 9 

343 

48.8 

360 



Liquid on plate 10 

340 

49.0 

357 



Reflux to top plate 


49.4 

340 



Vapor from still to bottom ofi 






tower ! 

i 

485 

43.2 

419 

150 



Gravity of cold oil through partial condenser 38.6° A.P.I. 

Average rate of cold oil through partial condenser. . . . 10,600 gal. per hour 
Average temperatun* of oil into partial condenser. . . . 77°F. 

Average temperature of cold oil out of partial condenser 181°F. 

Total steam in vapor from tower 100 gal. per hour 

Steam used in heating feed to tower 26 gal. per hour 

Barometric pressure 758 mm. of Hg 

Pressure at bottom of tower 16 mm. of Hg above barometer 

Pressure at top of tower 23 mm. of Hg below barometer 

^ Trans. Am. Inst. Chem. Eng., 1928. 
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to use a combination of Raoult's law and the true-boiling-point 
curves as described above. These writers give the data obtained 
in a test on a fractionating column used in a petroleum refinery. 
They are reproduced as shown in the table on page 189. 

The apparatus is shown diagrammatically in Fig. 76. 

The plates in the column were 9 ft. in diameter and fitted with 
the usual type of boiling caps. 



In the table of data, the column called ^‘Average boiling point 
is really the temperature at which the fraction as a whole boils 
and not the average that would be obtained during an Engler 
distillation. 

The true-boiling-point curves for the feed, the distillate, and 
the residue are given in Fig. 77. 

The curves for the liquids sampled from the plates are given 
in Fig. 78. 

Lewis and Wilde’s method consists of breaking the true-boiling- 
point curve of the feed up into fractions boiling within narrow 
temperature limits. Thus the feed is divided into 10 or 20®F. 
fractions and expressed as a component boiling between definite 
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temperature limits, such as 420 to 430®F. fraction which is 
j)res('nt to the extent 1.5 weight per cent. Such cuts are tiu^Ti 
used as pure components by the methods used in Chap. XIV. 
The true-boiling-point curve on any plate in the tow(T is 
constructed from the calculations for that plate, by simply 
recombining the cuts in the proportion that the calculations 
indicate. 

It has been found, as has been noted previously in this book, 
that the vapor above the plate of an actual column is not in 


Wcigh+ Per Cenf Over 



Fig. 77. — Tnie-boiling-point curves of feed residuum distillate. 


equilibrium with it, due to the fact that vapor from the plate 
below blows by the liquid in the plate and mixes with the vapor 
evolved from that liquid. The greater this blowby amounts to, 
the less efficient is the plate. In analyzing the behavior of a 
column, this plate efficiency must always be allowed for. Allow- 
ing a suitable plate efficiency, the writers of the article quoted 
estimated the proportion of the 420 to 430® component on the 
several plates above the bottom, and compared it with the actual 
amounts found in the test as a measure of the accuracy of their 
calculations. This is given in Fig. 79 where the curve repre- 
sents the calculated concentration and the points the actual ones 
as found. 

The details of this calculation may be found in the original 
article and in subsequent ones by the same writers. 
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An alternate method^ has been proposed by which the complex 
mixture is treated as a binary mixture of components, consisting 
of the fraction above and below the temperature at which the 
cut is being made. The vapor-liquid equilibria are constructed 
from the characteristics of the true boiling-point analysis or 
Engler distillation curves, and the calculation is carried out as 
in the McCabe-Thiele method. 



Number of Plote above boHom 
Fig. 79. 

Where laboratory space and facilities are available, it is very 
wise to design ])(‘troleum equipment on the basis of laboratory 
experiments, using the data thus obtained as a starting point in 
calculations .of the sort just indicated. It is believed that a 
rational analysis of laboratory data whi(*h have been collected 
with a thorough understanding of the requirements for subse- 
quent calculations offers the safest method for the study of com- 
mercial problems* 

^ Peters and Obryadchikov, Nestyanoe, Klozyaistro. 24 , 50 (1933). 
Singer, Wilson, and Brown, Ind. Eng. Chem., 28 , 824 (1936). Brown, 
Chem. Eng, Congress, World Power Conference, 1936, 2 , 324. 
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An illustration of such laboratory data, taken on a large scale 
by Smoley,^ is given in the following pages. 

A large-scale laboratory column with 10 plates was operated 
with total reflux, so that all of the distillate was returned to the 
top of the column. Under this condition, with infinite reflux 
and no distillate, the column was operating as an ideal con- 
tinuous column with maximum separation per plate as described 
on pages 94 and 167. 



0 0.1 O.Z 0.3 0.4 0.5 0.6 0.7 0.& 0.9 1.0 

Mol. Fraction of Benzene 

Fig. 80. — Operation of benzene-toluene column. 


A mixture of benzene and toluene was distilled in this appa- 
ratus, and the composition of the liquid on the several plates 
determined, with the results shown by the solid line in Fig. 80. 
The curve of the mol fraction of benzene resembles the corre- 
sponding curve for alcohol in Fig. 28 (page 79) and is character- 
istic of the distribution of a binary mixture in a rectifying column, 
the most significant fact being the rapid change in the center and 
the slow change in composition at the top and bottom. 

The effect of the efficiency of the actual plate as contrasted 
with the perfect plate is shown in the same figure. The dotted 
line was obtained from Fig. 15 (page 41) and shows the change in 
1 M. I. T. thesis, 1930. 
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composition when the vapor produced by the liquid has the same 
composition as the liquid on the next plate above, that is, when 
rectified in a perfect column with total or infinite reflux. The 
nearer the solid line comes to the dotted line the more nearly 
perfect is the plate. Thus to produce a 90 mol per cent distillate 
requires about 10 steps in the actual column, whereas the same 
effect is obtained in 6 steps in the perfect column, indicating 
a plate efficiency of around 60 per cent. 



0 0.1 01 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 

Mol. Fraction of Component 

Fig. 81. — Operation of column on benzene-toluene-xylenes mixture. 

The same column was then operated in the same way but 
using a mixture of benzene, toluene, and xylenes so as to produce 
as high a concentration of benzene as possible in the condenser 
and to segregate the xjdenes in as concentrated a form as possible 
at the bottom. The results are shown in Fig. 81. The amount 
of xylenes was small so that a large proportion of toluene was 
present on the bottom plate. The highest concentration of 
toluene occurred on the fifth plate, this component thus tending 
to segregate in the column. Under ordinary conditions, a column 
would be operated at a lower temperature level so that the ben- 
zene at the top would have contained less toluene, thus delivering 
the toluene and xylene together, from the bottom for subsequent 
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separation in a second column. This experimental colunm had 
insufficient plates to do this. 

The column was then operated with total reflux on a cracked 
l)etroleum distillate obtained from a Winkler-West Texas crude 
oil. The liquid samples from the several plates in the column 


Curiae No. B.P ofComponeni 


/ 

2 

3 

4 

5 

6 
7 
6 
9 


77.5 C. 

67.5 
97. 5X. 
I 07. S'* C. 
I/75X. 
727.5'* C. 
/32.5X 
I42.5X. 
JS2.5X. 



Mol. Frcic+lon oi Component 


Fig. 82 . — Operation of column on petroleum distillate. 


were then analyzed in a true-boiling-point still as described on 
page 187, being separated into components of 5°C. boiling-point 
range. Each of these components was indicated by its mid- 
temperature. Thus a component boiling on the true boiling- 
point apparatus between 75 and SO'^C. was called the 77.5®C. 
component. The results of this experiment are given in Fig. 82, 
where each component is indicated by a concentration curve. 
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It will be noted that eaeh eoniponent tends to segregate in 
the column, the segregation point, depending on its boiling point. 
This segregation of a component in a continuous column is the 
basis for the type of still frequently found in petroleum refineries 
where streams or cuts arf^ taken from the central portions of the 
(‘olumn as well as from the top and bottom. It is evident from 
Fig. 82 that such side cuts cannot be all pure or fre(^ from other 
components; and in the commercial column, where reflux is 



Mol. Fraction of Componenf 

Fio. 83. — Operation of column on petroleum distillate containing aniline and 

pinene. 

not infinite, the segregation is much less pronounced than is 
indicated in Fig. 82. 

Figure 83 shows the behavior of aniline and pinene dissolved in 
a petroleum distillate. Curve 2 represents the mol fraction 
of aniline, and curves 1 and 3 are for pinene in two different 
amounts. Each of these was segregated in the column as in the 
previous cases, both aniline and pinene being soluble in the 
petroleum in all proportions but of different chemical structure 
so that the mixtures have no tendency to follow Raoult^s 
law. 
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It. should be emphasized that commercial columns will diff(‘r 
from this experimental (iolumn in that the commercial columns 
will not segregate so sharply on account of the ndatively small, 
finite reflux ratio. Furtherinon', the (lompommt that segre- 
gates in the (column appears in greatest concentration on that 
plate where the temperature is the same as that of the pure 
component when boiling at the columii pressure. 
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RECTIFICATION OF ABSORPTION NAPHTHA 


Absorption naphtiia as it is usually obtained (‘onsists of a mix- 
ture of the lower hydrocarbons, from methane, CH4, to heptane. 



C 5 0.3310 

Ce 0.1780 

Fig. 84. 

C7H16, and higher. It frequently contains such large amounts 
of the lower, more volatile members of this series that it is 
dangerous to handle and store, and it becomes necessary to 
subject it to a distillation to remove from it the bulk of the most 
volatile constituents, a process called stabilization. 

199 
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Mol Fraction in Liquid Leavinq Plate 
Fig, 85. 
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The rectifying equipment for stabilization by fractional dis- 
tillation is quite simple in character, consisting of the usual 
single-column continuous still, with suitable feed heaters, con- 
densers, kettle, receivers, and thc^ usual accessories for operating 
a continuous still under a pressure of several atmospheres, 
it being usually necessary to operate the condenser under pressure 
on account of cooling-water temperature restrictions. 

Gunness’ has givcm results of a detailed test on the performance 
of an absorption-naphtha stabilizer. The column was 4 ft. 834 
in diameter and contained 28 plates of the cross-flow bubble-cap 
type. The column operated at 265 lb. per square inch absolute 
and was equipped with a still and partial condenser. A sche- 
matic flow diagram is given in Fig. 84. The concentrations 
given in this figure are those obtained at a reflux ratio 2.57. 
Plate-to-plate samples were also obtaiiuni and analyzed. These 
concentrations are plotted in Fig. 85. It will be noted that 
although the data points scatter somewdiat, particularly in the 
low-concentration region where th(‘ analytical pre(‘ision is low, the 
general trend of tlu^ curves is the same as that of the calculated 
(*urves^ of Chap. XV. 

Gunness carried out plate-to-plate calculations by the same 
methods as in Chap. XV, using the fugacity data for predicting 
the vapor-liquid equilibria (see page 175). He concluded that 
an average Murphree-plate efficiency of 100 per cent made the 
calculated results agree satisfactorily with the experimental data. 

’ Gunness, So. 1), thesis iii <4u*rnical engineering, M.I.T., 193t). 
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TOPPING STILLS FOR CRUDE PETROLEUM 

Crude petroleum as it comes from the oil wells usually contains 
suffici(mt material of the character of gasoline so that it is often 
subjected to a distillation to remove from it a gasoline cut. 
This operation is called ''topping the crude.^' In recent years, 
it has become customary to remove several other fractions of 
higher boiling range at the same time. As an illustration of the 


Gasolene Kero'sene Gas Ot! 



Fig. 86. — Topping still for four fractions. 


principles previously given, some of the methods in common use 
for this purpose will be described diagrammatically. 

Suppose that the crude oil to be distilled is to be topped to 
produce three overhead fractions or distillates and a residue, 
the distillates being gasoline, kerosene, and gas oil, the residue 
being taken off for fuel oil. Suppose, also, that this operation 
is to be efficiently conducted so that sharp cuts are obtained, each 
fraction containing very little of the components in the other cuts. 

Considering the system, therefore, one of four components, 
there will be required three fractionating columns, each fitted 

202 




TOPPING STILUS FOR CRUDE PETROLEUM 


203 


with a rectifying and an exhausting section and with reflux at 
the top of the rectifjdng sections and supply of heat at the bottom 
of the exhausting sections. 

The simplest design for this purpose is given in Fig. 86, all 
complications such as heat interchangers, etc., being omitted 
from the drawing. It consists of a continuous battery of thre(* 
fire-heated stills B, and C, each surmounted by a distilling 
column consisting of exhausting sections, Z), and F and recti- 
fying se(dions //, 7, and J. In the top of each of the rectifying 
sc'ctions arc reflux condensers K, L, and M. The suitably 


CoIdFeed 



Fio. 87. — CJoiitinuous battery with heat recovery. 


preheated feed enters th(i top of exhausting column 7> and flows 
down through it into the still A, being stripped of its gasoline 
which passes up through the column countercurrent to the 
descending reflux. The latter removes from the vapor all of the 
heavier components, so that the gasoline vapors issuing from 
the top of the column are ready to pass to a condenser and be 
collected as the gasoline cut. 

The liquid reaching still A, freed from gasoline, is then pumped 
into the top of the next exhausting column E as shown, and, in a 
similar operation, the kerosene is taken off as the distillate. In 
the same way, the gas oil is removed as distillate, freed from the 
oth(^r fractions, from the toj) of the third column, while the residue 
from the third still comprises the fuel oil. 
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Such a continuous battery, when properly designed with 
suitable heat-recovery equipment, is particularly satisfactory 
for work of this sort, as it has a maximum degree of flexibility, 
which is important where crude oils of different sources and 
compositions must be handled in the same equipment. 

Figure 87 shows the same equipment with feed heaters and 
recuperator added. In this diagram, which is lettered the same 
as Fig. 86, there are three reflux condensers O, P, and Q through 
which the feed flows in series. It then passes to a recuperator U 
where it is further heated in countercurrent contact with the 


gasolene 



hot fuel oil from still C, passing from that into the first column. 
The vapor from the three columns, after being partially condensed 
in the three feed heaters, passes to the water-cooled condensers 
P, aS, and P, where the rest of it is condensed. The reflux to 
the top of each column may consist of part or all of the condensate 
from the feed heaters and, if necessary, part of that condensed in 
the final water-cooled condensers in addition, the return lines 
to the columns not being shown in the drawing. 

The next device which may be applied for the purpose of 
obtaining four sharp cuts from a crude oil is shown in Fig. 88. 
This type of apparatus consists of three columns, as before, with 
exhausting and rectifying sections but without fire-heated stills. 
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The suitably preheated feed passes through a pipe still where it is 
heated to such a temperature that when its pressure is released 
on entering the first column, it nearly all flashes into vapor. This 
vapor passes up through the column where it meets the descend- 
ing reflux which washes out of it the fuel oil so that the fuel oil 
passes out of the bottom of the column substantially free from 


(basolene 



Fig. 89. — Topping unit with superimposed oolumns. 


the more volatile fractions, superheated steam being injected into 
the bottom of the column to strip these fractions out of the 
descending fut^l oil. 

The vapors, containing the gas oil, kerosene, and gasoline, 
leave the reflux condenser at the top of the column and pass into 
the second column, where the process is repeated, the gas oil 
being removed from the bottom of this column. 
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The vapors from the second column then go to the third column 
where the separation of the gasoline and the kerosene takes place. 
The type of equipment is, of course, supplied with heat-recovery 
devices for the purpose of preheating the incoming feed. 

An interesting modification of the preceding type of topping 
still, where the feed is superheated in a pipe still and the vapor 


Ootso/ene 
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Ftg. 90. — Five-column topping still. 


passed successively through the columns, is given in Fig. 89. 
This device consists simply of the three columns described 
in Fig. 88, placed together to form one tall column, the internal 
arrangements being such that tln^y function exactly as if sep- 
arated. It will be noted that each column has its own reflux 
condenser, the drawing showing the incoming cold feed being 
used for the cooling medium, although any combination of 
feed or other cooling fluid may be used. Each column also 
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lias its own siipjily of hoai- in tho form of sujKU'hoaUnl stoam, 
(^xa(^tly as in the previous (‘as(\ Tlu^ only advantajijc^ that this 
arrangement has over the pr(H*(‘ding one is in eonstruetion. 

It is especially iiitf^resiing to note that combination columns 
somewhat like this type have been placed on the market for the 
purpose of separating (;rude petroleum into several fractions, 
differing, however, from that shown in Fig. 89, in that no pro- 
vision for reflux for the internal columns was provided. Natu- 
rally such columns failed to function properly in effecting sharj) 
cuts, so the combination shown in Fig. 90 was devised, where 
the fractions removed from the intermediate columns were 
taken to auxiliary columns where they were subjected to another 
fractionation in order to improve the sharpness of the cuts. 

Th('re seems to be no limit to the modifications that may be 
made in the design of fractionating equipment for (‘omplex 
mixtures like petroleum, and it is not possible to state whi(*h is 
the best for any particular purpo.se until an analysis of costs 
has been made for the particular ])roblem at hand. The authors 
wish to emphasize th(‘ necessity for a thorough understanding 
of the fundamental principles involved in fractional distillation 
in order to insure the succe.ss of any de.sign for such purposes. 
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COLUMN PERFORMANCE 

Plate Efficiency. —The design calculations previously pre- 
sented furnish a satisfactory method for determining the number 
of theoretical plates for a given separation, but the designer 
desires to know the number of actual rather than theoretical 
plates. The relation between the actual and the theoretical 
platt^s is given as plate efficiencies. 

The mechanism of rectification involves the interaction of 
vapor with liquid. On a bubble plate, three types of interaction 
are involved: interaction of (1) vapor bubbles with the liquid, 
(2) vapor with free surface of the liquid, (3) vapor with liquid 
drops in the vapor space. Th(^ size of bubbles produced by a 
given bubble cap is mainly a function of the surface tension of the 
liquid and the size of the slots, and the effect of vapor velocity is 
mainly to increase the number of bubbles but not their size. 
Thus, for a given bubble cap and liquid on the plate the time of 
contact between the bubble and the liquid will be mainly a func- 
tion of the liquid depth through which the bubble must rise. 
The efficiency of rectification would therefore be expected to 
increase with the liquid depth. 

When a column is operating at low vapor velocities, the recti- 
fication must occur mainly by the first two methods of inter- 
action, since little liquid is sprayed into the vapor space. As the 
vapor velocity is increased, the time of contact of the bubble 
rising through the liquid is substantially the same as before, but 
the effect of interaction with the free surface decreases, whereas 
the interaction of droplets in the vapor space increases. Like- 
wise, the increased velocity causes entrainment of liquid drops 
from one plate to the next. This increase of vapor velocity may 
increase or decrease the efficiency of rectification, depending on 
whether the added interaction in the vapor space is able or 
not to comi>ensate for the adverse effects of entrainment and 
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decreased interaction at the free surface. At very high velocities, 
the vapor may flow from the slots in an almost continuous stream 
and blow the liquid away from the cap and at the same time 
cause large quantities of liquid to be entrained from one plate 
to the next. When such action occurs, the plate efficiency 
decreases. 

A number of different plate efficiencies have been proposed, 
but the two most commonly used are the over-all plate efficiency 
and the Murphree (20) plate efficiency. The over-all plate 
efficiency is simply the number of theoretical plates necessary 
for a given separation divided by the number of actual plates 
to perform the same separation expressed ^s a percentage; i.e., 
it is the factor by which the number of theoretical plates is 
divided to give the actual number of plates. 

The Murphree plate efficiency is defined as the ratio of the 
actual enrichment per plate divided by the enrichment that 
would be produced by a theoretical plate. Thus, if yn is the 
concentration of some (component entering the n + 1th plate, 
is the actual vapor leaving, and y*n+i is the vapor in equilibrium 
with the liquid Xn+i flowing from the (n + 1) to the nth plate, 
then the actual enrichment is yn+i — yny whereas the theoretical 
enrichment is y n-fl 2/nj and th(' Murphree efficiency becomes 

“ ^'‘-( 100 ) ( 1 ) 

y*„+i - y„ 

Similarly, based on the liquid concentration, 

3 ^ ( 100 ) ( 2 ) 

where x*n is the liquid in equilibrium with yn. Equation (1) 
should apply when the main resistance to mass transfer is in 
the vapor, whereas Eq. (2) should be more suitable when the 
transfer resistance is in the liquid phase. Murphree defined 
the concentration as the average values of x and y leaving a 
plate, and therefore these equations refer to the performance 
of an entire plate. Recently (15), the same equations have betui 
used to define the pdint or local efficiency of a bubble rising 
through the liquid on a plate. This Murphree-point effi(dency 
is based on corresponding x and y values defined by a vertical 
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line through the plate. The Murphree-platc efficiency is the 
integrated effect of all the Murphree-point effi{;iencies on the 
])late. 

The over-all plate efficieiuy is much simpler t(j use than the 
Murphree efficiencies, since only the terminal conditions are 
required; whereas in the calculation of the Muri)hree-plate 
efficiency, plate-to-plate compositions are required; and for the 
Murphree-point efficiency, complete liquid- and vapor-composi- 
tion traverses are n^qiiired on each plate. However, the Mur- 
phree efficiencies are based on a sound(‘r theoretical basis than 
the over-all efficiencies. 

By definition, a theoretical plate is one on which tlu! average 
vapor leaving the plate is in equilibrium with the liquid leaving 
the plate. If the vapor and li(|uid upon a plate were com- 
pletely mixed, it would be impossible to obtain better separation 
than that given by a theoretical plate. However, there is gen- 
erally a concentration gradient of the liquid across the plate, 
whereas the vapors are probably fairly well mix(*d. In such a 
case, the average concentration of the liquid on the plate may be 
appreciably greater than the concentration of the liquid leaving 
the plate; and as a result of this greater concentration, the vapor 
actually leaving the plate may exceed the concentration of the 
vapor in equilibrium with the liquid leaving. It is thus possible 
for the concentration-gradient effect to give over-all and Mur- 
phree-plate efficiencies greater than 100 per cent; but since such 
gradients do not apply to the Murphree-point efficiency, this 
latter efficiency will never exceed 100 per cent. The theoretical 
effect of the concentration gradient has been studied by a 
number of investigators (12), (14), (15). Three cases were 
considered by W. K. Lewis, Jr. : Case I, vapor completely mixed, 
liquid unmixed; Case II, vapors do not mix, and the overflows 
are arranged such that the liquid flows in the same direction on 
all plates; Case III, the vapor rise from plate to plate without 
mixing, and the liquid flows in the opposite direction on suc- 
cessive plates. Using E and Eg to represent the local and plate 
Murphree efficiencic;s, respectively, and setting the average slope 
of the equilibrium curve over the range of concentrations involved 
on the plate equal to K, Lewis gives the results tabulated in 
Table I, where the plate efficiency, Eq, for various assumed values 
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of the point effi(^iency, E, is given as a function of the ratio of the 
sloi)e of the equilibrium curve to the slope of the operating line, 

or -y^KV 10. 


Table I 


E 

E 0 

KV/0 = 0 

KV/0 = 1.0 

,KV/0 - 2.0 

Cane I 

20 

20 

22 

25 

40 

40 

49 

61 

60 

60 

82 

116 

80 

80 

123 

198 

100 

100 

1 

172 

319 

C'asc IJ 

20 

20 

22 

25 

40 

40 1 

50 

63 

60 

60 

86 

125 

80 1 

80 

133 

226 

100 

1(X) 

200 

1 

392 

C^ase III 

20 

20 

* 22 

! 25 

40 

i 40 

49 

60 

60 

60 

81 

110 

80 

80 

116 

173 

100 

i 100 

150 

1 

247 


It is noted that Murph roe-plate efficiencies can be quite high. 
The usual bubble-plate towers probably fall somewhere between 
cases I and II. 

The experimental data on plate efficiencies available at present 
are far too meager to allow any general correlations. Compari- 
son between different investigators is complicated by differences 
of plate design, mixtures studied, and operating conditions 
employed. However, some of the more important of these 
investigations will be summarized. 
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Gadwa (10) has studied the plate efficiency in the fractionation 
of mixtures of (1) benzene-carbon tetrachloride, (2) methanol- 
isobutanol, (3) mothanol-n-propanol, (4) isobutanol-water, (5) 
n-propanol-water, and (6) methanol-water. A small four-plate 
column (‘ontaining one bubble cap per plate was employed. The 
bubble caps were 3^ 2 in. in diameter and 2 in. high containing 
38 slots 3 8 wide by A vapor space of 

5 by 5 in. was partitioned off from the overflow pipes, giving a 
ratio of slot area to superficial area of 0.12. The plates were 
spaced 11 in. apart, and overflow weirs were employed. Plate 
samples were taken so that the Murphree-plate efficiencies could 
be calculated. A portion of these results are given in Table II. 
The efficiencies in this table were calculated for the vapor 
[Eq. (1)]. 


Table II 


System 

Average Murphree-plate 
efficiency 

Average superficial vapor velocity, 
feet per second 

1 

2 

3 

4 

^ 1 

5 

Methanol-water 

99 

96 

90 

82 

73 

ii-Propanol- water 

83 

85 

88 

88 

80 

Isobutanol-water 

98 

95 

90 

84 

75 

Methanol-n-propanol 

90 

88 

87 

87 

87 

Methanol-isobutanol 

75 

71 

75 

76 

73 

Benzene-carbon tetrachloride 

82 

88 

89 

84 

74 


Gadwa concluded that for the mixtures he studied the Mur- 
phree-plate efficiency was substantially independent of the 
concentration and of the vapor velocity so long as foaming and 
entrainment did not occur but that when foaming and entrain- 
ment did occur, the efficiency decreased with increasing velocity. 

Brown (4) and Gunness (11) both report Murphree-plate 
efficiencies of 100 per cent or greater for large commercial gasoline 
stabilizers. The tower studied by Gunness, operated at 250 lb. 
per square inch gage, was 4 ft., 8^4 in diameter and contained 
28 plates each having 27 cast-iron bubble caps. The bubble 
caps were 6M diameter and contained 32 1- by )^-in. 

rectangular slots per cap. The plate spacing was 18 in. In 
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these columns, there were a number of bubble caps per plate, 
and the liquid flowed in opposite directions on successive plates. 
Gunness analyzed his data by Lewis's cross-flow enrichment 
method (page 211) and concludcid that the Murphree-point 
efficiency was between 70 and 80 per cent. 

Lewis and Smoley (16) studied the plate efficiency in the 
rectification of mixtures of (1) benzene-toluene, (2) benzene- 
toluene-xylene, and (3) naphtha and mixtures of pinene and 
aniline in naphtha. An experimental column 8 in. in diameter 
with 10 plates spaced 16 in. apart was used. The bubble cap 
was rectangular, being 2 in. high and 2 in. wide and extended 
across the column. There were 24 slots J;s by in. on each 
side of the cap, giving a ratio of slot area to superficial area of 
about 0.16. The invcistigators found average plate efficiencies of 
60 per cent for th(i benzene-toluene mixture, 75 per cent for the 
ternary mixture, and 80 to 95 per cent for the naphtha mixtures. 

In the same tower, Carey, Griswold, Lewis, and McAdams (5) 
found an average Murphree efficiency of 70 per cent when 
fractionating benzene-toluene. They found the efficicmcy sub- 
stantially constant for superficial velocities from 0.2 to 4.5 ft. 
])er second and independent of liquid composition. The same 
investigators report efficiencies of 50 to 99.75 per cent for the 
fractionation of an ethanol-water mixture in a 6-in. -diameter 
tower containing one plate. The logarithm of 100 minus the 
plate efficiency was found to be a linear function of the depth of 
submergence of the slots. A benzene-toluene mixture in the 
same one-plate tower gave an average Murphree efficiency of 
58 per cent. A distillation of an aniline-water mixture in the 
10-plate tower gave an average plate efficiency of 58 per cent 
at a vapor velocity of 2.77 ft. per second. 

Lewis and Wilde (17) found an average plate efficiency of 
65 per cent at a vapor velocity of 2.8 ft. per second for the recti- 
fication of naphtha in a 10-plate column 9 ft. in diameter. 
There were 115 bubble caps per plate containing slots } i by 1 in. 
The ratio of slot area to superficial area was 0.10, and the plate 
spacing was 2 ft. 

Brown (3) reports efficiencies as high as 120 per cent for a 
commercial beer column using perforated plates. The same 
efficiency was reported for the rectification of an ethanol- water 
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mixture in a special laboratory column. The same investigator 

reports effieit‘n(‘ies of about 20 i)er cent for naphtha-absorp- 
tion towers. 

Pressure Drop. — 'J'he pressure droj) in bubbki-plati^ towers is 
made up of three main portions. First, th(i pressure* drop 
from the vapor space through the bubble cap riser to the slots. 
This drop involves the entrance loss to the riser, the friction drop 
in the riser, the reversal of flow at the top of the riser, and the 
friction loss in the annular space betw^een the riser and the inside 
of the bubble cap. The second main pressure drop is that due 
to the flow through the slots. The third is the pressure that 
must be maintained to support the head of liquid above the top 
of the slots. 

For caps with the area of the riser, the clearance area at the 
top of the riser, and the area .of the annular space between the 
riser and cap all equal. Dauphin^ and Schneider (8) found the 
following equation for flow of air : 


Ap. = 0.0118^, (3) 

where Apu = pressure drop, inches of water. 

Q = cubic feet of air per minute per cap. 

D = diameter of riser, inches. 

The diameter of the riser was varied from 2 to 4 in. Since the 
loss is largely entrance, exit, and reversal losses, the pressure 
drop for other gases should fit this equation if the constant is 
increased in the ratio of the density of the gas to that of air. 
Obviously, this loss should not be affected to any great degree 
by the liquid on the plate. 

These same investigators found that for air-water, the pres- 
sure drop through the slots could be expressed as 

ip. . K(f)“ (4) 

where Ap, = pressure drop through slots, inches of water. 

Q = cubic feet of air per minute per cap. 

L = total slot width per cap, inches. 

K = constant depending on cap design. 
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A number of different caps weire studied, and values of K 
for some of these are listed below. 

C'ap K 

6-in.-diameter galvanissed-iron cap: 

Slots, >8 (0.5, 1.0, 1.5, and 2.0) in.? q 32 

Slots, ^16 in by (0.5, 1.0, and 1.5; in.) 


()-in.-diani(?tcr cast-iron cap: 

Slots, by (0.5 and 1.0) in 0.37 

4-in. -diameter copper cap 

Slots, by 32 in 0.25 

4-in. -diameter cast-iron cap 

Slots, by (0.5 and l.O) in 0.28 


The pressure drop for other vapors can probably be estimat(Hl 
by the equation with the constant increased in the ratio of th(' 
vapor densities. Mayer (19) found that when using liquids 
such as water, glycerin, acetylene tetrachloride, and salt solutions, 
the pressure drop in the slots was proportional to the 0.6 power 
of the density of the liquid. 

The third pressure drop, due to the liquid above the slots, will 
be proportional to the density of the liquid and its depth, its 
depth being the equivalent static depth when the liquid is stirnnl 
up. 

Entrainment. — Entrainment is the carrying of the liquid from 
one plate to the plate above by the flow of the vapor. It is 
usually defined as the weight of liquid entrained per weight of 
vapor. Entrainment is undesirable, since it reduc(is plate 
efficiency by tending to destroy the countercurrent action of the 
tower, and it also may affect the distillate adversely from the 
standpoint of color. 

The entrainment of the liquid is due to two main causes: (1) the 
carrying of liquid droplets due to the mass velocity of the gas 
and (2) the splashing of the liquid on the plate. The latter of 
these depends on the slot-vapor velocity and a function of the 
plate spacing. 

Several investigators have published quantitative data on 
the amount of entrainment in bubble-plate columns. Most of 
these investigations have been on systems involving air and water. 
In Fig. 91, some of these experimental results are presented. 

Curve A is based on the data of Ashraf, Cubbage, and Hunt- 
ington (1) for the entrainment in a 7- by 30-ft. commercial 
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absorber. The tower contained 10 trays 22 in. apart. The 
tower was operating on a gas oil-natural gas system at 45 lb. per 
square inch absolute. The investigators obtained a maximum 
entrainment of 0.0017 at a jnass velocity of 23.4 lb. per minute 
per square foot. The same investigators also studied entrain- 
ment in a laboratory column 12^2 diameter containing 

two Si^s-inch bubbl(‘ caps per plate. The caps contained 



Fig. 91. 

82 slots 1 ^ ratio of slot area to superficial area 

of 0.0975. Curve C is based on their data for this tower when 
operating on kerosene-natural gas absorption at atmospheric 
pressure. 

Curve B is based on the air-water results of Sherwood and 
Jenny (23). The tower contained two plates and was 18 in. 
in diameter. Four-inch caps were employed having 33 notched- 
type slots. The slots were ^4 in. high and tapered from ^6 
at the bottom to % iri. at the top. 
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Curves D, F, and E are also for water and air, the first (nir\'e 
being taken from Chillas and Weir (6), and the last two from 
Strang (26). 

Holbrook and Baker (13) studied entrainment in an 8>in. 
bubble-plate column using stc^ani and water. Curve E is based 
on a portion of their data. Tliey concludes that the plate spacing 
and vapor velocity were the main factors in determining th(‘ 
amount of entrainment and that the amount of licpiid flow and 
siot-vapor velocity were of lesser importance. 

The floating or carrying of the li(piid droi)lets by the vapor is 
directly reflated to the settling velocity of droplets in a vapor. 
Souders and Brown (25) ha\"e expressed the settling (equation 
in the following form: 

W = Cld^id, - do)l‘^ (5) 

where W = allowable mass velocity of vai)or, j)ounds per square 
foot per hour. 

di = density of liquid on plate, j)()iinds per cubic foot. 
do = density of vapor above plate, pounds per cubic foot. 
C = a factor depending on plat(‘ spacing. 

C is gi’v^'ii as a function of plate spacing in the following table. 


Plat(‘ spacing, iiu'hcs 

. . . .! 10 

15 

20 

30 

40 


. .1 150 ! 

420 

500 

700 

740 



: i 


Commercial superficial velocities usually range between 0.5 to 
3 ft. per second for columns operating at atmospheric pressure, 
although they may be higher in special cases without adversely 
affe(‘ting the column performance. The allowable* velocity at 
other i)ressures is obtained by correcting the atmospheric 
allowable velocity by the method of Souders and Brown. 

Overflow Weirs and Down Pipes. — In small columns, the 
overflow from plate to plate is usually carried in pipes, the upper 
end of the pipe projecting above the plate surface to form an 
overflow weir and maintain a liquid seal on the plate. The lower 
end extends into a well on the plate below, thereby sealing the 
pipe so that vapor may not pass upward through it. In larger 
columns, straight overflow weirs placed on a chord across the 
tower are often used. 
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Locke (18) from a study of circular down pipes concluded 
that at least three types of litiuid flow wcmh' ])ossibI(‘ in circular 
down pipes with liquid seals at the lK>l.toin. At low rates of 
liquid flow, the top of tlu^ pij)(‘ act(‘d as a weir, and th(^ liquid 
flowed down in a film. As the liquid head was increased, the 
pipe became full and sucked vapor bubbles down with it; whereas 
at still higher liquid rates, the pipe ran full but did not entrap 
vapor. The first type of flow occurred for liquid head less than 
one-sixth to one-fifth of the pipe diameter, and this type of flow 
could be represented by the familiar Francis weir formula 

q = KLID- (6) 


where q — cubic feet of liquid per second. 

L = perimeter of inside surface of pipe, feet. 

H = head of liquid above pipe, feet. 

K = constant, decreasing from 5.4 to 4.7 as pipe size was 
increased from 0.87 to 2.07 in. 

Rowley (21) recommends the following equation for the last 
two types of flow: 


h = 


hP W:' 

29 ^ gD_ 


72 


( 7 ) 


where h = total head of liquid above the liquid level in the seal 
box, feet. 

g — acceleration due to gravity, feet per second squared. 

D = inside diameter of pipe, feet. 

I = length of overflow pipe, feet. 

V = linear velocity of liquid in pipe, feet per second. 

/ = a proportionality constant of Fanning friction equa- 
tion (see Walker, Lewis, McAdams, and Gilliland, 
Principles of Chemical Engineering,^^ 3d ed., p. 78). 

For large rectangular weirs, when the downspouts are not 
running full, the Francis weir equation may be used. For such 
overflows running full, it is recommended that Eq. (7) be used, 
employing for D four times the hydraulic radius, which is equal 
to the cross-sectional area of the downspout divided by the 
perimeter. 

Efficiency of Packed Towers. — The efficiency of packed towers 
is generally expressed as the height equivalent to a theoretical 
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plate. Most of the reported values of H.E.T.P's. are for small 
laboratory columns, since this is one of the largest uses of packed 
columns. H.E.T.P. is a function of the packing dimension and 
construction, tower size, vapor velocity, and system being recti- 
fied. The efficiency of packed towers may be seriously impaired 
by the liquid\s tending to pass down one side while the vapor 
flows up the other. This channeling of vapor and liquid prevents 
effective interaction between the vapor and liquid. 

Baker, Chilton, and Vernon (2) report the results of tests 
on the distribution of water over various packing materials 
with air flowing up through the packing. The water rate was 
500 lb. per hour per square foot in all tests. They found that a 
ratio of tower diameter to packing size greater than 8 to 1 gave 
a fairly uniform liquid distribution. At values of the ratio less 
than 8, the liquid tended to run down the tower walls and leave 
the center of the column nearly dry. A multiple-point liquid 
distributor at the top improved the liquid distribution at the top 
portion of the tower. The results of these investigators indicate 
the desirability of having the tower diameter over eight times 
the size of the packing material and of using multiple-point 
liquid distributors; this latter is most important in short towers. 

Fenske, Tongberg, and Quiggle (9a) give the results of a large 
number of tests on packed laboratory towers. A comparison 
of some of their results for the distillation of a carbon tetra- 
chloride-benzene mixture is given in the following table: 


Packing 

Tower dimensions, 

• inches 

H.E.T.P., 

inches 

Straight J.s 2 -in. carding teeth 

0 76 by 27 

1.5 

Straight carding teeth 

0.76 by 27 

1.7 

lient carding teeth 

0.76 by 27 

1.7 

Miscellaneous carding teeth 

0.76 by 27 

2.2 

Double-cross wire form 

0.76 by 27 

2.1 

Hollow-square wire form 

0.80 by 56 

5.4 

No. 20 single-link iron jack chain 

2.0 by 53 

5.2 

No. 2 cut tacks 

0.8 by 55 

2.4 

0-turn No. 24 Lucero wire helix 

0.8 by 66 

8.0 

No. 18 single-link iron jack chain 

2.0 by 53 

6.5 

Glass tubes 

0.78 by 27 

5 . 5 

No. 16 single-link iron jack chain 

0.76 by 27 

4.2 
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The investigators conclude that (1) the best packings are 
one-turn and two-turn wire or glass helices, carding teeth, and 
No. 19 jack chain; (2) the efficiency of the packing decreases 
when the tower diameter is increased or when the height of the 
packed section is increased; and (3) different hydrocarbon mix- 
tures giA^e approximately the same value for H.E.T.l^. 

Weimann (27) has puhlislied results on the fractionation of 
ethanol-water mixtures in packed towers. Using a superficial 
velocity of 1 ft. per second at 0/D = 1.0 with 8- by 8-mm. 
porcelain Raschig rings in a 0.11-m. (4^ 3-in.) diameter tower, 
H.E.T.P. values of 6 to 8.5 in. were obtained for packing heights 
of 3.5 to 13 ft. A larger tower, approximately 1 ft. in diameter, 
using a 7-ft. depth of the same packing gave an H.E.T.P. of 
8.5 in. at a superficial A^apor velocity of V 4 ft. per second. 

Jantzen (13a) has presented the results of fractionating an 
ethanol-water mixture in a 13.5-cm. (1.37-in.) toAver packed to a 
depth of 1 m. with either 1- or 0.46-cm. Raschig rings. The 
values of H.E.T.P. calculated from his data range from about 
3 to 6 in., for superficial vapor velocities ranging from 0.15 to 
2 ft. per second. The H.E.T.P. values increased as the 0.2 power 
of the vapor velocity and were about 50 per cent larger for the 
large than for the small rings. These values were found to be 
independent of the liquid concentration and of the reflux ratio 
(experimental A^alues of 0/D ranged from 4 to 10). 

Fenske and co workers (9) have also made an extensive study 
of the efficiency of packings when used for the separation of 
a n-heptane-methyl cyclohc^xane mixture in a 2-in. -diameter 
glass tower at total reflux. The towxu’ was 114 in. high and was 
operated at atmospheric pressure. A few of their results arc 
summarized in the following table. 

These data indicate that H.E.T.P. values as low as 1.5 in. 
have been obtained, making it possible to obtain the equivalent 
of a large number of theoretical plates in a relatively short 
height. Because of their efficiency and simplicity, packed 
towers are widely used for laboratory columns. However, when 
larger sized packed towers are used, the efficiency in general 
decreases, and H.E.T.P. values of a few feet are more common for 
columns of commercial size. 



COLUMN PEHFOHMANCE 


221 


Packing 

Vapor 

velocity, 

H.E.T.P., 

Open tower 

feet per second 

0.25 to 1 .7 

25.5 to 29.2 

* 2 - t>v ’ 2 -ia. earl)on Haschig rings 

0.25 to 1 .45 

6.0 to 11 .3 

1 .,- by ^-in. s(,on(‘war(‘ Itasehig rings 

0.8 to 1.55 

5.0 to 8.5 

stoneware Rasehig rings 

0.3 to 1.1 

3.8 to 7.3 

*' 4 - hv ' 4 -in. earV)on RaseJiig rings 

0. 15 to 0.5 

4.7 to ().0 

' 4 - 1)V V 4 -in. glass Rasehig rings i 

0.4 to 0.9 

4.3 to 6.8 

No. 19 aluniiniini jack chain 

0.1 to 1.65 

4.2 to 8.9 

l 2 -ii‘- elav' Berl saddles 

0.05 to 1.6 

5.8 to 7.0 

’ 9 -in. aluininuiii Berl saddles 

! 0.3 to 1 .75 

4.1 to 7.0 

h-niesh earborundiini 

0.1 to 0.35 

1 . 6 to 5.1 

’' 4 -in. ahiminuin singl(;-turn helices 

0.7 to 2.1 

5.0 to 10.7 

'■'i(;-in. ahiminuin single-turn h(‘lic(‘s 

1 0.1 to 1.8 

3 . 7 to 6.2 

•'’s 2 -hi. single-turn staiiileH.s-st(‘el helices 

0.3 to I .25 

4 . 0 to 5 4 

''’a 2 -in. single-turn nickid h(dic(*s 

0 . 55 to 1 . 65 

2 . 9 to 5 . 5 

’s-in. single-turn nickid helices 

0.1 to 1.0 

2.9 to 5.5 

*’ 22 “in. single-turn stainless-st(*el h(dic(‘s. . 

0 15 to 0.95 

1.5 to 2.3 

''s- hv ‘^;} 2 ~in. carding teeth 

! 0 . 4 to 1 . 35 

2.0 to 4.2 


Pressure Drop.'-Altliough the pressure droi) througli packed 
lowers is usually small and is gcmerall}^ a negligihk^ factor at 
atmosplu'ric pressure, it may become a limiting factor in vacuum 
distillations. 

Chilton and Col))urii (7) hav(* published a method for predict- 
ing such pressure drop for solid packings, based on the Fanning 
equation for frict ion in pipes. They modify the friction equation 
to 


_ 2fAuALpu% 
““ gd 


(8) 


where Ap = pressure drop in height h. 

Au« = a correction factor for wall effect. 

Al == a correction factor for wetting of the packing, by the 
liquid. 

p = density of the vapor, 
g = acceleration of gravity. 

u = superficial gas velocity, f.c., limuir gas velocity based 


on the total cross section of the tower. 
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d = size of packing, nominal. 
^ = viscosity of vapor. 


/ = 


function of 



as given in Eqs. (9) and (10). 


Chilton and Colburn gave a plot of / as a function of the 


Reynolds number (dup/fx). The data of 
approximated by the following eciuations: 

For (dup/p) less than 40, use 

this plot may be 

_ 850 

^ (dup/n) 

(9) 

For (dup/fi) greater than 40, 


, 38 

•' {dup/pY'^ 

(10) 


All of these equations are dimensionally sound, and any 
consistent set of units may be used. The following table eon« 
tains values of the factor A,,.. 


Packing diameter 
Tower diameter 

A 

L tr 

(v)<« 


0 

1.0 

1.0 

0.1 

0.83 

0.72 

0.2 

0.74 

0.65 

0.3 

0.71 

0.57 


The correction for the wetting of the packing Al is 1 for dry 
packing and increases with increased rates of liquid flow. Sher- 
wood (22) presents plots of this factor indicating that the value 
of Al has increased to 1.5 to 2.0 for water flowing over the pack- 
ing at the rate of 1,000 lb. per hour per square foot. 

The pressure drop with hollow packings is less than given by 
the equation for solid j)ackings. The data on this effect are not 
very conclusive as to absolute magnitude but do indicate that, for 
hollow packing, the smalh^r the packing size the larger the pres- 
sure drop. I^or a dfdailed discussion of this factor, the reader is 
referred to Sherwood \s summary (22). 
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Allowable Gas and Liquor Velocities. — The capacity of packed 
towers is limited by th(i tow(a*’s IxHiomiug doodc'd with liquid. 
Tlie floodiiij^j can be caused by imu-easiiijr eitln'i* thtj liquid or th<' 
gas flow. This flooding is a result of the pressure drop through 
the tower exceeding the gravity head of the licpiid flowing 
down. 

These pressure drops ])(t foot of height an' given by the modi- 
fied Fanning equation: 


Apo = 


2gm 


Apr. 


2gm 


where / = proportionality factor, a function of mupf/i. 

Va — actual linear gas velocity = Ua/FAa. 

Fl = actual linear liquid = iijJFAi. 
p == density. 

g = acceleration of gravity, 
p = viscosity. 

F = fraction of tower that consists of voids. 
aS = surface of packing, square foot per cubic foot of 
l)acking. 

m = hydraulic radius = free volunu'/cojitaet area = F/S. 

Aoy Al == fraction of free cross section o(*cupied by gas and 
liquid, respeMiively. 
u = superficial velocity. 

The flooding occurs when Ap^ = pl — Apa is a small fraction of 
Apr,, since under su(;h conditions a slight increase in the rate 
of flow of either stream or an uneven surge in the tower will 
increase Al and decrease Ao, because of increased liquid holdup. 
This decrease in Aa will increase Vo and thereby Ap^. If Apn 
is large relative to Apo, this increase in Apa will affect the 
liquid flow only slightly; however, if Apa is small compared to 
Apo, a small increase in Apa will make a large percentage decrease 
in Apa, causing the holdup to increase and the tower to flood. 

Combining the pressure-drop equations, 

Ag Ao IfuUQPG Ipl Apo 

Al ^ i - Ag ~ nSluIpl^ Apa 


Note. — For data on the values of S and F for various packings, the reader 
is referred to references (9a) and (22) at the end of the chapter. 
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Sotting the ratio (pl — Apa)/ApG equal to h and noting that at 
flooding Apa beooinos approximately equal to pi modifies the 
previous equation to give 


'^gPO Pl J L n 1 ^ 

2gmpLF- [1 + ^ 

At low values of {ita/ UhY^palpi.^ the (lenomiiiator of th(‘ right- 
hand side becomes 1, and the limiting gas velocity is a function of 
{uGlui){prrl pl)j the tower dimensions, and f l, th(i latt(T term 
being chiefly a function of g/.. It is int(‘r(\sting to note that 
in this region the gas viscosity is not a factor; but wluai the last 
term of the denominator is not lu'gligible, the viscosity of the 
gas becomes a factor in tin? liniiting gas velocity. 

At very high valu(\s of this group, the right hand reduces to fa. 
This would b(' the case when a v('ry low liquid rat(‘ was employi'd 
and the gas occupi(‘d essentially tlu' whole free cross section of the 
tower. For conv(‘nie]i(‘e in plotting, tlu‘ right-hand side will be 
taken as a function of Vma- I'he data of a 


Packing 

System 

Ref(‘renc(' 

No. 19 aluminum jack chain. . . . 

Heptatie-m(‘thyl cyclohexane 

9 

Pin. Raschig rings 

Air-water 

lOn 

1-in. Berl saddles 

Air- water 

19n 

8-mm. Raschig rings 

Air-water 

19a 

j^-in. Rjischig rings 

H 2-watej’ 

24 

^ 2 “in. Raschig rings 

Air-water 

24 

y^-in. Raschig rings 

COa-water 

24 

Fa-in. Berl saddles 

Air- water 

24 

}-^-in. Raschig rings 

Air-methanol 

24 

> 2 -in. Rat^hig rings 

Air-(50% H 2 O -f- 50% 

24 


CHaOH) 


3'^-in. Raschig rings 

Air-gly(^erin 

24 

t^-in. Raschig rings 

Water + butyric acid-air 

24 

% 2 -in. carding teeth 

Benzene-carbon tetrachloride 

9o 

t^-in. bent carding teeth 

Ben zene-carbon te trac hlo rid e 

9a 

0.23- by 0.27-in. glass rings 

Benzene-carbon tetrachloride 

9a 

0.18-in. glass rings 

P3thanol-water 

13a 

0.47-in. glass rings 

Quinoline (distillation at 10 



mm. Hg absolute) 

13a 



COLUMN PERFORMANCE 


225 


number of invefstigatons are correlated in this way in Fig. 92, 
using a value of n = 0.21. 



The data are seen to correlate well except at high values of 
the abscissa. This deviation may be due to the fact that the fo 
factor in the denominator is neglected in the method of plotting 
of this figure. 


Fig. 92 . — Flooding velocities in packed towers. 
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CHAPTER XX 


THE CONDENSER 

The condenser receives all of the vapors leaving the top of the 
fractionating column. Some of the factors influencing the design 
of the condenser have been discussed previously. The decision 
as to the number of condensers to be used often depends on 
circumstances. 

The capacity of the condenser system is often the controlling 
factor in determining the capacity of the whole distilling system. 
In many cases, the condensation of the product of the still and 
the condensation of the vapor for reflux are carric^d out sepa- 
rately in different condensers; whereas in other cases, both of 
these operations are performed by a single condenser which may 
act as a cooler as well. Condensers in distilling equipment are 
alw^ays of the surface type. It is felt that under ordinary cir- 
cumstances a single condenser, large enough to take care of all 
of the reflux and condensation required, is the most economical 
design for a batch fractionating still. Continuous stills usually 
have multiple condensers. 

It is customary to cool the condensed distillate below its boiling 
temperature, since a hot distillate is readily volatilized and is 
therefore likely to suffer loss by evaporation on standing; and, 
furthermore, in case the vapor is inflammable, a hot distillate 
is a considerable source of fire risk. In small distilling apparatus, 
it is customary to make the condenser large enough to furnish 
the necessary cooling. It is sometimes simpler, however, to 
furnish a supplementary cooler to receive the distillate from the 
condenser. 

The vapors received by the condenser may consist almost 
entirely of the vapors of a single component, or they may be a 
mixture of several. In addition, there are always present in these 
vapors air or other not easily condensable gases. In the case of 
a nearly pure vapor, condensation takes place at nearly constant 
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tern i)erat are; whereas the eorulensation of mixed vapors may 
occur over a wide temperature range. It should be remembered 
that constant-boiling mixtures condense like pure vapor. The 
l)resence of the nonconden.sable gases makes the condensation 
more difficult both by lowering the condensing temperature and 
by interfering with the heat removal through the condensing 
surface. 

Factors Influencing Condenser Design. — The design of a suit- 
able condenser necessitates knowledge of the probable' conditions 
under which it will operate. Tlu'se include the composition of 
the vapors to be condensed; the required rate of condensation; 
the temperatures and pressures involved; and the quality, tem- 
perature, and amount of cooling water available or of other 
cooling medium, as the case may be. The type and location 
of the condenser must also be known. The specific data needed 
for the design are listed as follows: 

1. The amount of vapor entering the comh'nsc'r from the frac- 
tionating column. 

2. Th(^ amount of heat that must be n'lnoved by the conden- 
ser in condensing the vapor. 

3. The amount of heat that must be removed })y the condenser 
in cooling the condensed vapor. 

4. The amount of inert gas or otlu'r nom'ondcaisable vapors 
present in the vapors entering the condenser. 

5. The temperature of the vapor entering the condenser. 

6. The temperature of the noncondensable gases leaving the 
condenser. 

7. The temperature of the cond(msed vapor leaving the 
condenser. 

8. The amount of cooling liquid available. 

9. The temperature of the cooling liquid available. 

10. The temperature at which the cooling liquid should leave 
the condenser. 

11. The velocity of the vapors by the cooling surface. 

12. The velocity of the cooling liquid by the cooling surface. 

13. The removal of the noncondensable gases from the con- 
denser. 

14. The physical characteristics of the condensed vapor. 

15. The physical characteristics of the cooling fluid. 
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16. The arrangement of the condensing and cooling surfaces. 

With all of this information, it is then possible with the present 
knowledge of heat transmission to design a condenser that will 
function properly for the specified conditions. Designers, how- 
ever, are faced with the prospects of varying conditions about 
which they know little or nothing, and, in order to allow for these 
unknown variables, there are usually introduced factors of safety 
t he magnitude of which depend on the experience of the designer. 

The principal problem to be solved is that of the removal of the 
latent heat of condensation from the condensing vapors. In a 
(continuously operating condenses*, where (conditions are reason- 
ably steady, the rate at which the heat will be removed is 
expressed by the formula 


where Q represents the heat removed in the time 6, I ■ is the heat- 
transfer c()effi(cient, A is the area of the cooling surfa(ce, and A 
is the difference in temperature betweem the condensing vapor 
and the cooling mediimi. When’ the tennperatures vary from 
point to point in the condenser, it is nec essary to use an average^ 
value of A and of U. Very complete directions for the calculation 
of these average values are available in books devoted to the 
subject of heat transmission, and only a short outline will be 
included in this work. 

The value of the heat-transfer coefficient U depends on th(‘ 
composition of the condensing vapors and the rate of removal of 
condensate from the condemsing surface; the material and thick- 
ness as well as the arrangement of the condenser walls; and the 
composition, temperature, and velocity of travel past the con- 
denser walls of the cooling fluid. The amount of noiicondensable 
gas and the degree of fouling of the condenser walls are also very 
important. 

The following table gives the values of U for condensing steam 
at atmospheric pressure outside a 1-in. thin copper tube through 
which water at 100°F. is flowing at various velocities. These 
values are expressed as B.t.u. (British thermal units) per degree 
Fahrenheit temperature difference per square foot of condenser 
surface per hour. They are based on steam entirely free from 
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iioncoiidensable ga«cs and condenser walls quite free from scale 
or other incrustation. 


Water velocity, ft. /hoc 

0.1 

- - 1 

0.5 , 

! 1 

1 

1.0 

2.0 

3.0 

5.0 

10.0 

B.t.u./(sq. ft.) CF.) (hr.).. .. 

1 

50 j 

1 

170 1 

275 

440 

560 

730 

1 ,000 


The effect of the size of tubing on condensers is shown in the 
following table which gives values of U for condensing steam 
outside thin copper tubes of various diameters through which 
water at 100°F. is flowing at a velocity of 3 ft. per secjond, scale 
and noncondensable gases again being absent. 


Pipe diameter, in 

H 


1 

2 

5 

10 

B.t.u./(sq. ft.) CF.) (hr.) 

720 

610 

1 

j 560 

500 

440 

390 


The composition of the condensing vapor affects the value of U 
to a marked degree, the values in the following table being for a 
1-in. thin copper tube placed horizontally with wat(^r at 100°F. 
flowing through it at a velocity of 3 ft. per second and with the 
pure vapor condensing on the outside at atmospheric pressure. 


Condensing Vapor 
Water vapor (nondropwise) 

Carbon bisulfide 

Methyl alcohol 

Ethyl alcohol 

Carbon tetrachloride 

Benzene, CgHc 


V B.t.u./(sq. ft.) ('^F.) (hr.) 

560 

435 

340 

270 

190 

180 


For liquids in the lower portion of this table, the effect of liquid 
velocity and tube diameter is less important than for those in the 
upper portion of the table. 

The values of [/ for condensing vapors outside vertical pipes 
are somewhat smaller than for horizontal pipes, being smaller for 
long pipes than for short ones. 

Scale and other solid deposits on condenser walls are often 
serious. If 3^ in. of hard sulphate scale is present on the 1-in. 
thin copper tube mentioned above, the value of U for condensing 
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steam to 100°F. cooling water flowing at 3 ft. per second may be 
(‘ut from 560 down to 20. The effect of noncondensable gases in 
considerable amount in the condensing vapor is equally serious. 

The problem of condensing the vapors from petroleum distilla- 
tion is sometimes complicated by the use of petroleum liquids as 
cooling fluids instead of water. Many of these liquids are of 
relatively high viscosity, low thermal conductivity, and low heat 
ca{)acity, and tlu^ resulting coefficients of heat transfer are cor- 
respondingly low as compared with those obtained with water 
as the cooling fluid. The computation of the area of heating 
surface needed for such conditions is difficult, but a considerable 
amount of information on this point is to be found in the heat- 
transfer literature, to which the reader is referred. 

The valiU5 of the temperature difference A between the con- 
densing vapor and the cooling wat('r or other medium may be 
determined if tlie temperature of the condensing vapors on the 
one side of the condenser walls and that of the cooling water on 
the other side are known. When a practically pure vapor is 
condensing at constant prcvssure without subsequent cooling, its 
temperature remains constant. The temperature of the cooling 
water usually rises considerably as it passes through the tubes. 
The value of A is therefore a variable, and it is customary to cal- 
culate an average value for it and use this as a constant. In the 
case of the condensation of a vapor at constant temperature 
where an average value of U may be taken, the proper average 
value of A is the logarithmic mean 


Aiok 


moaa 


Ai ■“ A 2 



where Ai and A 2 are the values of A at the inlet and outlet of the 
condenser. 

Where condensation is followed by cooling of the condensate, 
the logarithmic mean is only an approximation, and it is better 
to consider the condensation and cooling as two separate consecu- 
tive operations. Where condensation and cooling are taking- 
place at the same time, as is the case when the condensed vapor 
is a mixture of components of varying boiling points, there is no 
simple method for determining the proper value of A average. 
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As an example of the method of calculating the area of con- 
denser surface needed for a specific case, take the problem of 
condensing the alcohol v^apors from a continuous still which is 
producing 250 lb. of high-strength alcohol per hour, using a 3 to 
1 reflux ratio. The condenser is to be made up of 1-in. thin 
copper tubes in parallel, the cooling water passing through them 
at an average velocity of 3 ft. per second, entering at 75°F. and 
leaving at 125°F., so that the average cooling- water temperature 
is 100°F. The alcohol vapor is condensing outside the tubes at 
173°F. and falling off them before it is cooled to any appreciabh^ 
extent. 

Referring to the table given above, it is seen that the average 
value of U for this case is 270 B.t.u. per square foot per degree 
Fahrenheit per hour. The logarithmic mean of A is 


^73 ~^5_) - (173 -__125^) 
/ m~75 

173 - 125 


70.2° 


The latent heat of condensation of ethyl alcohol at 173®F. is 
370 B.t.u. per pound. Since the reflux ratio is 3 to 1, there must 
be condensed 4 X 250 == 1,000 lb. of alcohol per hour. 

Substituting these values in the heat-transmission formula 
gives 

1,000 X 370 = 270 X 70.2 X A 

whence A = 19.5 sq. ft. of surface needed. This area must be 
divided up among sufficient tubes to satisfy the condition that 
the water velocity is 3 ft. per second and its rise in temperature, 
50°F. 

The area of cross section of a 1-in. tube is 0.785 sq. in., or 
0.00545 sq. ft. The weight of water flowing through one tube per 
hour will therefore be 0.00545 X 3 X 3,600 X 62J^ == 3,680 lb.; 
and using a value of 1. for its specific heat, this water will absorb 
3,680 X 50 = 184,000 B.t.u. Since 370,000 B.t.u. must be 
absorbed per hour, the number of tubes in parallel required in this 
condenser will be 370,000/184,000 = 2 approximately. The sur- 
face of a 1-in. tube per foot of length is 7r/12 = 0.262 sq. ft. The 
length of each tube will therefore be 19. 5/(2 X 0.262) = 37 ft., 
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approximately. A suitable design of such a condenser would be 
a four-pass condenser with two tubes each 9 ft. long per pass, 
or eight 9-ft. tubes in all. 

Removal of Noncondensable Gases. — As the thirteenth fa(dor, 
the removal of noncondensable gases must be positive. There 
must be no pockets or dead spaces in the vapor space of the con- 
denser, to permit these gases to accumulate. There must be a 
steady flow of vapor through all portions of the condenser, 
forcing all gases to the vent, which should be arranged in such a 
way that there is no possibility of its being sealed shut by 
distillate collecting in the vent pipe. 

It is preferable, if possible, to operate the condenser under a 
pressure slightly greater than that of the atmosphere, so that 
there will be a positive flow of gases from the condenser into the 
atmosphere. This has the added advantage that the air under 
these circumstan(u\s cannot work its w\ay back into the condenser 
and partially insulate the (tooling surfaces. If the pressure* 
difference between the inside of the condenser and the atmosphere 
is great, a certain amount of the (condensed vapor will escape 
through the vent, and provision must be made by means of a 
supplementary cooler, scrubber, or condenser to retain this. 

Characteristics of Vapor. — The fourteenth factor, the physical 
characteristics of the condensed vapor, is of importance in two 
respects: 

First, the specific heat of this condensed vapor must be known 
in order to calculate the cooling, as was done above. 

Furthermore, if the condensed vapor has excessive viscosity, 
which will tend to make it flow slowly over cooling surfaces, this 
must be allowed for in proportion to these surfaces. 

Characteristics of Cooling Water. — The fifteenth factor, the 
physical characteristics of the cooling liquid, is especially impor- 
tant when the cooling liquid is water and that water comes from 
a relatively impure source. Many chemical plants are so located 
that they must use, for cooling water, water containing all sorts 
of sediment, scale-forming materials, etc.; and invariably under 
these conditions, the cooling surface becomes coated with layers 
of material that usually act as excellent heat insulators. It is, 
therefore, necessary under these circumstances to design the 
condenser so that the cooling surfaces on the water side can he 
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re^adily cleaned. This is nsually done by making the water flow 
through the tubes; and in the ease of a vertical tubular condenser, 
it is possible, by removing the top of the condenser, to run a 
swab down through the tubes and clean them out. In the case of 
certain types of stills where the material that is to be distilled 
is run through a vapor heater which is part of the condensing 
system, the material may deposit sc^ale or dirt on heating in the 
same way, and similar pre(*autions must be taken. 

The simplest design of condenser for a still of moderate size is 
the single-pass, vertical-tube type illustrated in the following 
sketch. 



Fig. 93. 

This type is characterized by low water velocities and corre- 
sponding low values of U. Its advantages are simple, inexpen- 
sive construction and ease of cleaning the inside surfaces of the 
tubes. 

In order to increase the capacity of surface condensers, the 
usual change is to increase the velocity of the water flowing 
through the tubes. This is done by making the condenser 
multipass on the water side, as shown in the sketch (Fig. 94). 

The insertion of the four baffles in the headers makes the con- 
denser as drawn a five-pass type on the water side, and the water 
velocity is therefore five times greater than a single-pass con- 
denser of the same size, with the corresponding increase in 
capacity as indicated in the table on page 230. 
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Condensers are frequently made multipass on the vapor side as 
well, and any type may be either vertical or horizontal, which- 
ever is more convenient. 

In distilling apparatus requiring unusually high coefficients 
of heat transfer, the double-pipe type of condenser frequently 
seen used for heat interchangers is sometimes used. It is likely 



to flood the cooling surface with condensate, unless positive 
removal is provided. 

In equipment of moderate size and height, the condenser is 
usually placed above the fractionating column so that the reflux 
can drain back on to the top plate of the column by gravity. In 
larger installations, the condensers are frequently placed at some 
lower position, and the reflux pumped back into the top of the 
column by a suitable pump. 
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ACCESSORIES 

A fractionating still must have numerous accessories and 
attachments in order to permit of its accurate control. It is 
essential, in the first place, that a constant supply of steam be 
assured. This can be accomplished only by having a constant 
steam pressure available at the steam coil. Simje in most 
chemical plants the load on the boiler plant fluctuates, and since 
the firing of such boiler plants is likely to be irregular, the boiler 
pressure almost always is variable, and this variability will be 
transmitted to the heating coils of the distilling apparatus unless 
special precautions are taken. These precautions are usually in 
the form of constant-pressure reducing valves between the boiler 
and the still, whereby a constant pressure on the steam coils may 
be assured no matter what variations may occur in the boiler 
pressure itself. 

The condensed steam in the coils of the kettle must be removed 
as rapidly as it collects; otherwise, th(' water will collect in the 
tubes and blanket the surface^ causing the rate of (evaporation in 
the still to drop off immediately. This means that there should 
be efiicient steam traps attached to tlu' coils, and these traps must 
always be kept in perfect working condition. 

Indicating Valves. — The throttle valve which controls the 
steam pressure on the coils should pn^ferably be constructed in 
such a way that the amount of opening of the valve can be 
registered by means of an indicator on a dial or some device of 
that type. This enables the still operator to reproduce his 
valve opening and therefore his still pressure from charge to 
charge without necessitating the inspection of steam gages, etc. 
In the same way, the valves that control the flow of cooling 
water to the condenser should be fitted with indicating devices for 
the same purpose. 

Testers or Weir Boxes. — The rate of flow of the distillate from 
the condenser to the receiving tank must be measured. This is 
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usually done by means of so-called testers, weir, or look boxes, 
where the rate of flow is measured by the depth of liquid flowing 
through a suitable slot or opening. It is also necessary to take 
samples of distillate from time tx) time, and the piping should be 
arranged with suitable connections so that this may be done con- 
veniently, since in the fractional distillation of many liquids, it is 
not possible to rely entirely on temperature readings in order to 
determine the quality of the distillate obtained, and it is necessary 
to withdraw samples from time to time and test them in the 
chemical laboratory in order to determine exactly the degree of 
purity of the distillate. 

Location of Controls. — Finally, for the convenience of th(‘ 
operator and for general efficiency of the distilling apparatus, all 
control valves should be located at one spot. The operator must 
not be required to climb three or four stories of the building in 
order to operate the steam-control valves and water-control 
valves and inspect the rate of flow of distillate, but all of these 
valves, testers, et(5., should be so arranged that the operator, 
standing in one place, can have the still under complete control. 

Special Designs. — It should be remembered that the design of 
all chemical engineering machinery depends to a very great 
extent indeed upon local and special conditions, and, therefore, it 
is not possible for a designer to produce a machine suitable for 
everybody at every place. This accounts for the fact that most 
manufacturers rarely carry so-called standard equipment in 
stock and must, in nearly every case, design special equipment 
suited for the particular requirements of the problem involved. 
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CONTINUOUS DISTILLATION 

Continuous distillation differs from intc^rniittent distillation in 
that the material to be distilled is fed continuously into the 
machine, the products of the distillation are withdrawn continu- 
ously, and the state of the components in the mixture being 
distilled remains a constant at any point in the system. That 
is, the temperature, pressure, and composition of the liquid and 
vapor at any point in the apparatus remain unchanged so long 
as external influences are constant. 

Requirements for Continuous Distillation.— The reciuiremcaits 
for the suitable utilization of continuous distillation are three in 
number : 

1. The feed of material to be distilled must b(' constant in 
quality, temperature, and rate. 

2. The source of heat or other form of energy used in operating 
the still must be constant. 

3. There must be available cooling fluid for condensers, etc., 
constant in both amount and temi)erature. 

Constant Rate of Feed. Requirement 1. — The constant feed 
assumes that the rate of flow of feed liquor to the still must be 
arranged so that it does not change from one time interval to 
another, and it also assumes that the quality or composition of 
this liquor remains unchanged. It is therefore obvious that, in 
general, continuous distillation is suitable especially for the han- 
dling of relatively large amounts of a fairly uniform material. 
Since, also, continuous distillation involves careful regulation of 
the apparatus at the beginning, and since such regulation is 
sometimes difficult, it is advisable to use continuous distilla- 
tion only where large amounts of fairly uniform mat(*rial are 
expected over extended periods of time. 

The most satisfactory arrangemfiiit to insure a constant flow 
of feed to the still is the use of the constant-level feed tank. 
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This consists of an ovc^rhoad tank, feeding by gravity to the still 
and arranged with a float valve on its supply line such that the 
level in this tank remains constant. Another method is to pump 
an excess of feed to this tank and have the excess overflow back 
to storage through a cons tan t-kivel overflow pipe. 

Constant-rate pumps are necessary for stills working under 
high pressure. 

Constant Steam Supply. Requirement 2. — Constant source 
of heat supply for operating the still is essential so long as the 
still is to be semiautomatic in operation; that is to say, if steam 
is to be used for heating, there must be some suitable device in 
connection with the steam lines such that the steam pressure may 
be automatically kept constant. Usually, the source of steam 
available for distillation is the steam boiler; and since the boiler 
pressure is a variable cpiantily, depending upon firing conditions 
and demands on the boiler from other units, it is essential to use 
steam pressure sufficiently below that of the boiler pressure avail- 
able so that suitable reducing valves placed on the line will func- 
tion properly, giving a reasonably constant steam pressure at the 
still. Furthermore, most continuous stills are very sensitive to 
slight changes in the steam pressure applied, and it is therefore 
necessary to use, in addition to the constant-pressure reducing 
valve mentioned above, some sort of sensitive steam regulator 
which will automatically maintain a constant j)ressure in the still. 
It is no exaggeration to state that a sensitive steam regulator is 
perhaps the most important accessory for a continuous still. 

Constant Water Supply. Requirement 3. — Constant supply 
of cooling fluid, usually water, implies constancy with regard to 
both amount and temperature, since the quality and amount of 
distillate obtained are functions of the amount of reflux which 
depends largely on the dephlegmation obtained in the reflux 
condenser. 

Results of Continuous Distillation. — In general, the results 
obtained in continuous distillation are: 

1. Constant products of distillation. 

2. Constant conditions at any point in the system. 

So far as the first result is concerned, constancy of production 
infers, of course, that the amount of distillate and waste obtained 
from the unit remains constant and that the quality of these 
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products is unchanged, assuming, of course, that the requirements 
noted above are fulfilled. 

The second result, constant conditions at any point in the 
system, is perhaps the chief reason why continuous distillation 
has been so successful, as it is possible so to design the distilling 
equipment as to take care of the conditions to be expected at any 
point in the system, since these conditions remain unchanged; 
2 .e., in the fractionating column of a continuous still, the com- 
position of the liquid on any plate and of the vapor above any 
plate will remain unchanged so long as the requirements for 
continuous distillation are fulfilled. 

Essential Parts of a Continuous Still. — The essential parts of a 
unit for continuous distillation are, in general : 

1. A fractionating column. 

2. Source of heat. 

3. Source of cooling liquid, which usually cools the condenser. 

In addition, most continuous stills are supplied with a feed 

heater and a recuperator, or waste-heat interchanger. 

Feed Heater. — The function of the feed heater is to raise the 
temperature of the continuously incoming feed liquor to as near 
the boiling point, under the conditions obtained in the still, as is 
possible. This feed heater may be in several parts, depending 
upon circumstances. For instance, the condenser receiving the 
vapor from the fractionating column may be divided into several 
units, one or more of these units being utilized for preheating 
the feed liquor by allowing the feed liquor to pass through it 
instead of cooling water. Usually, however, the temperature 
obtained in such a vapor heater, as it is called, is not sufficiently 
high, and it is therefore usual to allow the partially preheated 
liquor to pass then to a recuperator wIktc it receives heat from 
the hot waste liquor discharged from the bottom of the still, 
this recuperator usually raising the temperature of the feed nearly 
to its boiling point. In some special cases, usually when either 
the vapor heater or the recuperator is dispensed with for manu- 
facturing or operating reasons, it is customary to heat the incom- 
ing feed by means of a steam-heated preheater. This last method, 
however, is uneconomical and used only under special cir- 
cumstances. It is, of course, possible to run the cold feed 
liquor directly into the still without preheating at all. Since the 
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feed liquor is always run into the fractionating column on to a 
proper plate, the heating of the liquor to boiling will take place 
in the column, and the corresponding cooling obtained in the 
column vdW have the effect of additional dephlegmation, or reflux, 
and will therefore improve the degree of fractionation obtained 
from the point of entrajice of feed down to the bottom of the 
column. Since, however, the most efficient distilling column is 
that one where the maximum reflux traverses the entire length of 
the (‘olumii, the heat, tlius taken out of the lower portion of such 
a column, will be of no assistance in improving the fractionation 
in the upper portion of the column; it is, therefore, better prac- 
tice to take care of any excess reflux required by means of 
the reflux condenser and preheat the incoming feed by means of 
the waste heat of the vapor or the discharge from the bottom 
of the still. 

The condensing units used in continuous stills are similar to those 
used on intermittent stills and are designed in similar fashion. 

Fractionating Column. — The fractionating column of con- 
tinuous stills are, in general, similar to thosc^ used in intermittent 
stills, the design de])ending, of course, upon special i^onditions in 
the particular unit, (iuite often in the more complicated con- 
tinuous stills, the fractionating c*olumn is divided into several 
units whic'h are operated semi-independently of eac^h other, and 
some of these will be discussed later under special applications 
of continuous distillation. 

The utilization of the source^ of heat, however, is usually dif- 
ferent from that of the intermittent still. In general, there are 
two methods of heating where' steam is to be the source of heat. 
Where other sourc^es of heat are used, e.g.^ direct fire, in general 
the rules laid down for steam will apply with suitable modifica- 
tions. Closed steam, or steam within steam coils or pipes, is 
usually used for nonaqueous solutions, where it is not desired 
to bring water into direct contact wdth the liquor that is being 
distilled; or closed steam is used for the distillation of aqueous 
solutions where the water is taken off as distillate and does not 
remain in the residue, the introduction of water vapor into the 
residue, of course, defeating the purpose of the distillation. 

Open Steam. — The second method of heating with steam is to 
use open steam, i.e., blowing water vapor into direct contact 
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with the liquid in the still. This is usually used for aqueous 
solutions having water or other aqueous residue, as the less 
volatile portion of the liquid being distilled or where the introduc- 
tion of water into the less volatile product from the still will do 
no harm. Superheated steam is used where the temperature at 
the point of introduction is well above the temperature of boiling 
water at that pressure. 

In the (continuous still, the fractionating column is usually 
divid(".d into two portions which are called, respectively, the 
exhausting portion and the rectifying portion, the feed entering 
the column always being taken in at the dividing point between 
these two sections. 

The fiiiKction of the exhausting column is to remove from the 
less volatikc material discharged from the bottom of the still the 
more volatile material presccnt in the fc^ed, while the function of 
the rectifying column is to separate^ the moi*e volatile component 
as nearly as possible from the k^ss volatile component, discharging 
the more volatile component from the top of the rectifying column 
and returning the less volatile component to the exhausting 
column. 

The rectifying column is usually placed above the exhausting 
column so that the reflux passing down through the rectifying 
column can flow by gravity into the top of the exhausting column. 

The design of the exhausting column depends, of course, upon 
the same things that were noted in the previous discussion of th(‘ 
rectifying column, the number of i)lates to be used being a func- 
tion of the relative ease or difficulty of the separation of the more 
volatile component from the less volatile component, a function 
of the temperature and composition of the feed entering the top of 
the exhausting column, and the composition of the waste liquor 
discharged from the bottom. The volume of the column is a 
function of the time of contact desired between the liquor and the 
vapor, the exhausting column usually being made sufficiently 
great in diameter and having a sufficient depth of liquor on the 
plates to insure that the liquor descending through the column 
is in contacit with the vapor a sufficiently long time so that prac- 
tically all of the volatile component will be removed from it. The 
character of the plates to be used in the exhausting column is a 
function of the character of the liquor passing down through them; 
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for instance, if tlni liquor being distilled contains solids, as is 
frequently the case, tlie plates must be so d(\signed that the 
solids will not deposit out on the platens and stop up the vapor 
openings. 

In working out the design of the rectifying column, it must be 
remembered that the number of plates requinni is not a funedion 
of the ease or difficulty of separating one pure component from 
another pure component, but the rectifying column has to separate 
th(‘ more volatile component from a mixture of the composition 
of the feed entering the top of th(^ (exhausting column, and tlierc^-* 
fore, as a rule, fewer plates would be requined in a rectifying 
column of a continuous still than would be the case in the recti- 
fying column of an int(‘rmitt(nit still. Siiu^e, howewer, the 
exhausting column of the continuous still usually is designed to 
insure that the discharge from its bottom contains practically 
none of the more volatile compomuit, the total number of plates 
in the continuous still will (jften be greater than in the inter- 
mittent still designed for the same work. 

Diagram of Continuous Still. — The ac(*.ompanying diagram 
(Fig. 95) will give an idea of the essential f(^atures of a continuous 
still for the s(‘paration into its parts of a two-component syst(nn, 
where A re})r(^sents a coristant-lev(4 f('(^d tank for suj)plying feed 
at uniform rate to th(* apparatus; B rej)resents a vapor heater 
where the cold f(‘(xi is heated part way to its boiling point by the 
hot vapor coming from the top of the fractionating column; C 
represents the recniperator where the partially preheated feed is 
raised nearly to its boiling point by means of the hot discharge 
from the bottom of the fractionating column; D represents the 
exhausting column where the feed enters on the top plate and the 
less volatile liquid gradually runs down from plate to plate and is 
discharged from the bottom passing through the recuperator; 
E is the rectifying column where the vapor from the top of the 
exhausting column is subjected to a fractional distillation, the 
more volatile component being discharged through the vapor 
pipe F to the feed heater and the less volatile component 
running back into the exhausting column; G is the condenser that 
receives the vapor not condensed in the feed heater B and con- 
denses it completely, the liquid thus obtained being either run 
back into the top of the rectifying column together with the 
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condensed vapor from the feed heater or carried off to a suitable 
receiving tank //, as indicated. Cooling water would be required 
for the condenser G only. In case it was necessary to cool 
the less volatile component discharged from the bottom of the 
exhausting column to a temperature below that at which it leaves 
the recuperator, it would be necessary to put an additional cooler 
on the waste line; and in case the condenser G failed to cool the 
distillate to a sufficiently low temperature, it would be necessary 



Fio. 95. — Diagram of a simple continuous still. 


to introduce a suitable cooler into the line, taking the distillate 
from the condenser to the receiving tank. The steam used for 
heating the still would be introduced into the bottom section of 
the column Z>, either closed or open steam being used, depending 
upon circumstances as noted above. 

Stills for Three-component Mixtures. — Continuous stills are 
of particular value in handling systems containing more than 
two components, e.g.y three-component systems. It will there- 
fore be interesting to discuss such a system, taking for example 
the actual case of the system ethyl-ether, ethyl-alcohol, water, 
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it being possible to separate the ether completely from the 
alcohol and water by fractional distillation, and it being possible 
to obtain about a 96 per cent alcohol from the water in the same 
way. If we consider the 96 per cent alcohol which is the con- 
stant-boiling mixture of alcohol and water to be for our purposes 
a pure component, spoken of as alcohol, since it behaves exactly 
as a pure (component would, it will be possible to discuss a suitable 



continuous unit for separating almost comph^tely these three 
components from each other. 

In any continuous still for the separation from each other of 
three components, one component is always separated first 
from the other two, and these are also separated from each other 
by a subsequent operation. In the system noted above, ether, 
alcohol, and water, it is possible to obtain the separation of 
the three components in several ways. For instance, in Fig. 96, 
A represents a constant-level feed tank containing the mixture of 
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alcohol, ether, and water. The liquid is allowed to pass through a 
feed heater, which, in this case, will consist of first a vapor heater 
B and then a waste recuperator C, the heated feed then passing 
into the central portion of a continuous fractionating column, 
the exhausting section being represented by the portion Z), and 
the rectifying section by the portion E. The vapor from the 
top of the rectifying section passes through the vapor line F to 
t he feed heattn' B and from there to the total and reflux condenser 
G. In this column, the ether and alcohol are separated from the 
water, the water being the less volatile component, and the 
ether and alcohol the more volatile components. The compo- 
sition of the liquor approaching the bottom of the exhausting 
column increases in water, until, at the bottom, only water is 
obtained, and hot water is discharged from the exhausting column 
through the recuperator to the sewer, live steam being blown into 
the bottom of the column to supply the vapor and heat necessary 
for the vaporization of the alcohol and ether. 

The rectifying column E has the problem of separating entirely 
the water from the ascending vapor, so that the liquid condensed 
in the condensers B and G consists of a mixture of alcohol and 
ether only. This condensed distillate then passes through the 
line H into the central portion of another continuous fraction- 
ating column J. This fractionating column J differs from the 
preceding column in that the source of heat at the base is not open 
steam but closed steam in the form of some sort of tubular or 
coil steam heater. In this column, there are to be separated only 
two components, the alcohol and the ether. The ether, being 
more volatile, passes up while the alcohol being less volatile, 
passes down, the alcohol at the bottom being substantially ether- 
free, and the ether at the top substantially alcohol-free; the ether 
vapor being condensed by means of the condenser X, and the 
alcohol withdrawn hot from the bottom of the column and 
passed through a suitable cooler L to a receiver. 

Another method of accomplishing the same result is indicated 
in Fig. 97, where a mixture of ether, alcohol, and water is held 
in a constant-level feed tank A and flows from there through a 
preheater B to sl recuperator C and into the central portion of 
the column DE as before, the difference being that the recuperator 
operates on the second column instead of the first. The column 
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DE in this case separates the most volatile component, ether, 
from the alcohol and water, the ether passing up through the col- 
umn, and the alcohol and water passing down. The heat and 
vapor necessary for operating this column are supplied by open 
steam introduced at the base, as before. The ether passing out 
of the top of the rectifying column as vapor is condensed in the 
condensers and is collected in a suitable ether-receiving tank; and 



Fig. 97. — Type B — continuous still for three components. 


iae hot liquor being discharged from the bottom of the exhausting 
column, which consists of a mixture of alcohol, water, and con- 
densed steam, flows by gravity into the central portion of the 
second column J where the alcohol and water are separated con- 
tinuously, the alcohol going to the top and the water to the 
bottom as indicated. 

The third method of separating the three components is indi- 
(^ated in diagram Fig. 98, which is similar to the diagram of 
Fig. 96, except that the mixture of ether and alcohol passing from 
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the top of the first column to the central portion of the second 
consists of alcohol-ether vapor instead of condensed alcohol and 
ether, and therefore it is unnecessary to revaporize these liquids 
in the second column. It is necessary, however, to furnish a 
certain amount of heat and vapor in order to obtain the fraction- 
ation required in the second column, and therefore a closed heater 
at the base of the column is used, as in the first case. 



Fig. 98. — Type C — continuous still for three components. 


Nonaqueous Solutions. — These })receding diagrams indicate 
the possible designs when water is one of the three components. 
Where the nonaqueous solutions are to be distilled, the method to 
be followed is similar in all respects except that live steam is not 
introduced into the system at any point, closed heaters being 
used. There are, however, exceptions to this rule where the 
material being distilled is insoluble in water, and the introduction 
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of steam into this material will not cause any harmful dilution, 
since any water vapor that condenses in th(‘ inatc^rial discharged 
from the column can l)e separated aft(Tward contimiously by 
suitabh* decanting apparatus. 

Multicomponent Systems. — In tlu' cas(^ of sysicuns of mon^ 
than three components, it is usually necessary to add an addi- 
tional section for each component, and the systems, of course, 
become more and more complicated. It should be realized also 
that as systems become more and more (U)mpli(^at(Hl it is necessary 
to furnish so-called flywheels with them which will permit the 
e(|ualization of the operation of different j>ortions of the appa- 
ratus. Such flywheels usually consist of large intermediates 
receiving tanks where the liquid may be collected temporarily 
while subsequent units of the machiiu' are being n^gulated, as it 
is manifestly impossible to regulate all of the sections of the 
complicated machine at the same time. 

Accessories. — The successful opc^ration of continuous fraction- 
ating stills depends to a considerabl(‘ extent upon the suitable 
selection of accessori(‘s. Among th(ss(‘ accessori(\s perhaps the 
most important is the so-called steam regulator which has the 
furudlon of maintaining constant steam pressure automatically 
on the distilling column. Since the rate of distillation in a 
distilling column is a function of the pressure of the vapor in the 
column, and since the quality of the product depends upon the 
rate at which the distillation is carried out, it is essential that 
the steam regulator be of the highest degree of sensitiveness, and 
the variation in pressure in the column to a fraction of an inch of 
water must be noted and counteracted by the steam regulator. 
These regulators usually operate on the principle of the U tube, 
or balanced columns of liquid, the pressure on the one side of the 
U being maintained by the column, while the pressure on the 
othc'r side is usually atmospheric. The change in the relative 
j)ressures, therefore, will affect the level of the liquid in the two 
sides of the tube, and by means of suitable floats this change in 
level can be made to operate control valves on the steam supply, 
etc. In the same way, the method of controlling the feed supply 
and cooling- water supply is of great importance. 

Feed Control. — In complicated continuous distilling apparatus, 
a slight change in the feed often has no appreciable effect on 
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the product of the distillation until after a considerable period 
of time— sometimes as much as an hour b(‘iup; required to detect 
any chanj2;e in the (jualit y of t h(^ product. It is t liendoro essential 
that the fend control be \'(‘ry s(*nsitive so t liat th(^ r(‘guIation may 
be made very exact and that very small changes in the rate of 
feed may be made. In handling large quantities of liquids, it is 
essential to use large piping and large apparatus where it is very 
difficult to obtain careful regulation, and it is therefore customary 
to use the by-pass system of feed control where most of the liquid 
fed into the still passes through the main line through a large 
valve which can be opened to some point approximately correct, 
whereas the finer regulation is obtained by means of a by-pass 
and a needle valve which can be controlled very exactly. These 
valves are usually fitted with indicating devices by which it is 
possible to tell by inspection the degree of opening of the valves. 

Testers. — The products obtained from the apparatus also must 
be under constant observation. This is usually accomplished by 
means of overflow devices which are called testers. These testers 
usually consist of glass bell jars or other designs of a similar 
nature where the distillate flows continuously through an open- 
ing, the rate of discharge often being measured by the level of 
liquid passing through a weir under the bell jar. It is also 
possible to observe the quality of the distillate continuously in 
such testers where the specific gravity of the liquor is a measure 
of its quality by having suitable hydrometer arrangements 
within the testers so that the specific-gravity reading may be 
observed at any time. 

Slop Testers. — The waste liquor discharge from the bottom 
of the still is usually tested by a device known as the slop tester 
which takes the vapor from a section near the bottom of the 
exhausting column and condenses it by means of a small con- 
denser in such a way that the condensed vapor flows through 
a small hydrometer tester where its specific gravity can bo 
observed continuously. These testers, feed valves, steam regu- 
lators, etc., are usually located at one point so that the operator in 
charge of the machine is able to operate all the controls and 
observe the operation of the machine without moving from one 
position. 
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Advantages and Disadvantages of Continuous Distillation. - 

Continuous distillation has numerous advantages and also cer- 
tain disadvantages. In general, thf^ advantages may be classed 
under three headings: 

1. Uniform quality and high grade of produ(;t. 

2. Heat economy. 

3. Labor saving. 

The uniformity of the quality of the product and the high grade 
that can be obtained are due to the fact that the continuous 
still operates with uniform conditions at all points in the system, 
and it is therefore possible to design the system in such a way 
that impurities may be taken care of much more satisfactorily 
than can be done in the case of the intermittent distilling appara- 
tus, where the quality and quantity of a product vary con- 
tinuously during the distillation of each successive batch. 

The heat economy obtained in the continuous still comes 
from two sources. In the first place, the heat required to raise 
the liquor to the boiling temperature may be recovered in the 
continuous still by suitable heat interchangers; whereas in the 
intermittent still, all this heat is lost; and, in the second place, 
the production of large amounts of intermediate fractions which 
must be redistilled in order to recover from them valuable constit- 
uents means that a large amount of heat must be supplied for 
this purpose. In the same way, the labor saving on the continu- 
ous system is effected in that there are no intermediate fractions 
to be redistilled. There is no labor in connection with filling 
and emptying and cleaning out kettles, and the operation involves 
very little attention after the machines have been suitably regu- 
lated, one operator usually being able to care for a number of 
continuous stills without undue exertion. 

The disadvantages of the continuous system, however, are 
sometimes serious. They are, in general: 

1. Excessive first cost. 

2. Sensitiveness to external conditions. 

3. Complicated construction and operation. 

The excessive first cost of the continuous system lies chiefly in 
the fact that the accessories necessary to permit automatic oper- 
ation are frequently complicated and expensive; and although 
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the fractionating columns usually are similar to those used in 
intermittent stills, and there usually is no distilling kettle, tlu' 
steam regulators, slop testers, and oilu'r accessories fre(iu(mtly 
increase the (^ost of tlie equipment considerably. Also, tln^ 
continuous still is very sensitive to external conditions. As has 
been noted above, the continuous still operates successfully only 
where the quality and quantity of licpior fed to it are uniform and 
when steam and water supply remain (constant; and, if in th(' 
operation of the process producing th(' material to be distilled, 
there are changes from time to time, where the material to be 
handled is variable, then the continuous still usually must undergo 
certain modifications in its design in order to handle the change 
in material. Whereas in the case of the intermittent still, it is 
usually possible to handle in a more or less satisfactory manner 
almost any material of nature similar to that for which the still 
was designed. 

Finally, the continuous system is complicated in construction, 
and the operation requires a man traim^d for the work; since fre- 
quently the operation of distilling equipments must be entrusted 
to relatively unskilled labor, then'fore continuous stills arc 
frequently avoided on this account. In general, however, it may 
be said that, other things being equal, the continuous still is 
much to be pref(Tred. 
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App. I. Fig. 1. — ^Vapor-pressure curve of water. 
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App. I. Fi«. 2. — Temperature relations between certain liciuids and water 
at the same pressure. (Explanation: ethyl ether ((‘urvc 1) at 50°C. has the 
same vapor pressure as water at 114®C., which by reference to Apx). I, Fig. 1, is 
seen to amount to 1,300 mm.) 
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Table of Enthalpies, or Latent Heats of Vaporization 


Substance 


Acetal 

Acetaldehyde 

Acetic Acid 

Acetic Anhydride 

Acetone 

Acetyl Chloride 

Ammonia 

Aniline 

Benzaldehyde 

Benzene 

Benzyl Alcohol 

Brombenzene 

Butyl Alcohol (n) 

Butyl Alcohol (iso) . . . 

Butyric Acid (iso) 

Carbon Tetrachloride. 

Chlorbenzene 

Chloroform 

("resol (m ) 

Ethyl Bromide 

Ethyl Iodide 

Formic Acid ... ... 

Glycol 

Heptane 

Hexane 

Iso amyl Alcohol . . 

Iso propyl Alcohol 

Methyl Alcohol 

Methyl Chloride 

Methyl Iodide 

Methyl Ethyl Ketone. . . . 

Octane 

Methyl Aniline 

Nitrobenzene 

Pentane 

Propyl Alcohol (n) 

’^^Foluene 

t)-Toluidene 

o-Xylene 

Water 


Boiling point, 
degrees, 
("entigradc 

1 Molecular 
j weight 

Latent heat in 
calorics per gram 
at boiling point 

104 . 0 

118.1 

60 . 2 

20.8 

44.0 

134.0 

118.7 

60.0 

89.8 

130.4 

102.1 

06.1 

50 . 0 

58.1 

125 . 3 

55.0 

78.5 

78.9 

- 34.7 

17.0 

341 .0 

183.9 

93.1 

109.6 

178.3 

100.1 

86.6 

80.2 

78.1 

93 . 5 

205 0 

108.1 

98.5 

155.5 

157.0 

57 9 

117.6 

74.1 

143.3 

107 9 

74.1 

138.9 

102.2 

88.1 

114.0 

70 8 

153.8 

40.4 

131.8 

112.5 

75.9 

01 2 

119.4 

58.9 

200.5 

108.1 

100.5 

38 . 2 1 

109.0 

60.4 

72.3 

1 155.9 

47.6 

100 8 

40 . 0 

120.4 

197.1 

02.1 

190.9 

98.4 

100.2 

74.0 

09 0 

80.1 

79.2 

130.1 

88.1 

125.1 

82.9 

60.1 

161.1 

04 7 

32 . 0 

201.7 

- 24.1 

50 . 5 

90.9 (at 0°C.) 

42.4 

141 .9 

46.0 

81.0 

72.1 

103.5 

125.8 

114.2 

71.1 

193.8 

107.1 

95.5 

208.3 

123.1 

79.2 (at 15L5‘^C.) 

30.3 

72.1 

85 8 

97.4 

00.1 

162.6 

110 4 

92.1 

86.8 

203 3 

107 1 

95.1 

144.0 

106.1 

82.5 

100.0 

18.0 : 

1 

536.6 
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App. III. Fio. 1. — Boiling points of hydrocarbons. 
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App. III. Fig. 3. — Cox chart for vapor pressure of hydrocarbons. 
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A 

Absolute zero, 26 

Absorption naphtha (see Rectifica- 
tion). 

Accessories, 236 

Acetic acid-water, vapor composi- 
tions relations, 48 

Acetone-methyl alcohol, constant- 
boiling mixture, 67 

Acetone still, 68 

Air, composition of, 29 
in condensers, 233 
distillation of liquid, 1 10 

Alcohol-ether- water, phase-rule sys- 
tem, 21 

Allowable gas and liquor velocities, 
217, 233 

A.S.T.M. distillation, 13r>, 186 

Ammonia, 53-58 

continuous still, diagram of, 54 
impurities in, sources of, 53 
partial pressure over water, 36 
removal of hydrogen sulphide 
and carbon dioxide, 55 
removal of oils, 57 
removal of water, 58 
scrubbers, 57 
treatment with lime, 56 

B 

Barbet, 160 

Beer still, 72 

Benzene, application of Clapeyron 
equation, 31 

Benzene-toluene mixtures, 38-42 
boiling-point curve for, 41 
distillation of, 40 
partial-pressure curves for, 40 


Benzene- toluene mixtures, rec.tifica- 
tion of, 87-89 

vapor-composition curves for, 42 
vapor-pressure (uirves for, 38 
Benzene- toluene-xylene mixtures, 

distillation of, 140-158 
Benzolized wash oil, 59-65 
boiling-point curve for, 60 
light-oil recovery, 59 
temperature-iomposition diagram . 
61 

vacuum wash-oil still, 62 
wash-oil still, diagram of, 64 
Binary mixtures, classes of, 18 
diagram of, 18 

of maximum boiling point, 18 
of minimum boiling point, 19 
Ikuling point, calculation from Ra- 
oul t’s law, 41 

curve for acetone and chloroform, 
18 

curve for benzene-toluene, 41 
curve for benzene wash-oil, 60 
mixtun^s of maximum, 18 
mixtures of minimum, 19 
Boyle's law, 25 

Butane-hexane, effect of pressure 
on system, 43 

C 

Chemical combinations, 36 
Clapeyron equation, 31 
Column performance, 208 

allowable gas and liquid velocities, 
223-225 

diagram for, 225 

effect of mixing of vapor and 
liquid on plate efficiency, 
210-211 
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Column performance, effect of mix- 
ing of vapor and liquid on plate 
efficiency, table of values, 211 
efficiency of packed towers, 218- 
221 

Il.E.T.P. values, 218-221 
(Ultra inment, 215 

allowable velocity, 217 
IVIurphree plate (';ffi(uency, 208 
point effi(uency, 209 
overflow weirs and down pipes, 
217-218 

plate efficiencies for system, be(T 
column, 213 

benzene-carbon tetrachloride, 
212 

benzene-toliuuie, 213 
benz(uie-1oluene-xylene, 213 . 
ethanol-water, 213 
gasoline, 212 
iaobutanol-water, 212 
mcthanol-isobutanol, 212 
methanol-propanol, 212 
methanol-water, 212 
naphtha, 213 
naphtha al)sorption, 214 
naphtha-aniliiK', 213 
n-propanol- water, 212 
plate efficiency, 208 
Murphree, 208 
over-all, 208 

pnissurc drop in i)acked towers, 
221-223 

in plate towers, 214-215 
in risers, 214 
in slots, 214 

Columns, function of, 132, 133 
number of, 1 34, 202 

Complex mixtures, rectification of, 
132-136 

Components, definition of, 4 
systems of one, 6-8 
three, 20-23 
two, 9-19 

Composition of air, 29 

Concentrated solutions {see Solu- 
tions). 


Condensation, fractional, 17 
partial, 50, 135 
simple, 50 

Condensers, design of, factors influ- 
encing, 228 
heat removed in, 229 
partial versus total, 100 
Constant-boiling mixtures, 18, 19, 
23 

Continuous battery, tc'st on, 189 
types of, 202 

Continuous distillation, 238 
advantage of, 239 
column for, 83 
requirements for, 238 
Continuous still {see Rectifictation). 
Control of fe('d for continuous stills, 
249 

Controls, location of, 250 
Correction for gas laws, 27 

D 

Dalton’s law, 28 
Degrees of freedom, 5 
Deviations from gas laws, 27 
Instillation, of benzene-toluene mix- 
tures, 40 

continuous fractional, 16 
multiple, 15 
simple, 13 

equation for, 47 
successive, 13 

Distillation calculations {see Rectifi- 
cation). 

Distillation column, diagram of con- 
tinuous, 83 

E 

Efficiency of columns {see Column 
performamjc). 

Engk'r distillation, 135, 186 
Entrainment, 215 
Equilibrium constants, 44 
tables of, 45 
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Equilibrium curve for benzene- 
toluene mixtures, 86 
Ether-alcohol- water, phase-ruh? sys- 
tem, 21 

J<>.hyl alcohol, 71 
impurities in, 74 
sources of, 71 

Ethyl alcohol-water example, 118 
E 

Feed plate, rernatching in multi- 
component designs, 183 
Eeed-plate location, for binary mix- 
tures, 98 

for multicomponent mixtures, 168, 
169 

Kensk(^’s equation for total reflux, 94 
Filled type columns (see Packed 
towers). 

Film coefficient, water side, 229 
Finite reflux ratio, equation for, 114 
Fractional condensation, 17 
Fra(dional distillation, continuous, 
16 

definition of, 1 
origin of, 1 

Fractionating column, 16 
Fractionating diagram, 17 
Fractionation, general methods of, 
13 

G 

Gas laws, 25 
Boyle^s law, 25 
corrections for, 27 
diagram for, 28 
Dalton’s law, 28 
Gay-Lussac’s law, 25 
perfect -gas equation, 26 
Van der Waals’ equation, 27 
Gases, noncondensablc, 233 
Gasoline stabilization {see Rectifica- 
tion). 

Gay-Lussac’s law, 25 


H 

Heat, necessity for, 133 
removed in condensers, 228 
transmission, coefficients for, 230 
Heater for feed, 240 
Heats of vaporization of common 
substances, 257 

H.E.T.P. (height equivalent to 
theoretical plate), 129 
experiiru'Tital values, 218 
II.T.U. (height of transfer unit), 130 
Henry’s law, 35 
application of, 36 
chemical combination, 36 
limitations of, 36 

Hydrogen sulphide and carbon diox- 
ide, removal in ammonia dis- 
tillation, 35 

I 

Icc-water-water vapor, vapor-pres- 
sure diagram, 7 
Impurities in ethyl alcohol, 74 
in wood alcohol, 66 
Indicating valves, 236 
Infinite reflux ratio {see Total 
reflux). 

K 

K values (see Equilibrium con- 
stants). 

L 

Laws (see Gas laws; Solution laws). 
Lewis method, 116 
L(iwis and Cope method, 150 
Tjewis and Matheson method, 139 
Lewis and Wilde method, 189 
Light-c»il recovery, 59 
Lime treatment in ammonia distil- 
lation, 56 

liquid-air distillation, 110 
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Location of controls, 250 
of feed plate, 98 

diagram for limits, 99 
Logarithmic mean temperature dif- 
ference, 231 

Logarithmic plotting, 93 
M 

McCabe and Thiele method, for 
binary mixtures, 89 
Maximum boiling-point mixtures, 18 
Methods of fractionation, 13 
Methyl-ac(done, 67 
Methyl-alcohol-acetone, 66 
constant boiling mixture, 67 
still, 68 

Minimum boiling-point mixtures, 19 
Minimum number of plates at total 
reflux, 93, 167 

Minimum reflux ratio 95, 169 
equation for binary mixtures, 96 
for multicomponent mixtures, 
173 

Miscibility, complete, 11 
partial, 10 

Mixtures, classes of binary, 18 
diagram for binary, 18 
maximum boiling point, 18 
minimum boiling poini, 19 
ternary constant boiling, 23 
Mol fraction, 30 
Mol per cent, 30 
Molal volume, 26 

Multi(^omponent mixtures (sec Rec- 
tification). 

Multiple distillation, 15 
Murphree efficiencies (see Column 
performance). 

N 

Neutralization of crude ethyl alco- 
hol, 74 

Noncondensable gases, 228 
removal of, 233 


Number of plates, 89, 98, 110, 118- 
125, 146, 163, 166, 167, 179 
curves showing relation betw(M‘n 
reflux and, 97, 167 
optimum, 97 

O 

Oils, removal of, in ammonia distil- 
lation, 57 

One-component systems, 6 
Op(ni versus closed steam, 101 
diagram for, 102 
Operating lines, 89 
effect of feed conditions on, 92 
intersection of, 90 
Optimum number of plates, 97 
Optimum reflux ratio, 97 
diagram for, 97 
Over-all efficiencies, 208 
Overflow weirs and down pipes, 217 

P 

Packed towers, 125 
design of, 126 
diagram for, 126 

efficiency of (see Column per- 
formance). 

Partial condensation, 50, 135 
Partial condensc^rs, 100 
Partial pressure, of ammonia over 
water, 36 

curves for benzene-toluene, 40 
Partially miscible liquids, 10, 24 
phenol and water, 10 
Per cent, molal, 29 
weight, 30 

Perfect-gas equation, 26 
Performance (see Column perform- 
ance). 

Phase rule, 3 

definition of components, 4 
of phases, 3 
of variants, 4 
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Phase rule, degrees of freedom, 5 
in system, water, 5 
water and salt, 5 
one-component systems, 6 
three-component systems, 20 
two-component systems, 9 
Phases, definition of, 3 
Phenol-cresols, rectification of, 158 
Phenol-water mixtures, 10 
Plate, definition of theoretic,al, 86 
Plate efficiency {see Column per- 
formance). 

Plates, minimum number at tolal 
reflux, 93, 167 
Fenske's equation for, 94 
number of, 89, 98, 110, 118, 146, 
163, 166, 167, 179 

Ponchon’s and Savarit’s method, 107 
comparison with constant reflux 
method, 113 
diagrams for, 108, 109 
Pressure, effect on vapor composi- 
tion, 43 

Pressure drop {see Column perform- 
ance). 

Purifying columns, action of, 76 

R 

Raoult’s law, 33, 158 
application of, 33 
limitations of, 34 
Raschig rings, 220, 221 
Rayleigh equation, 48 
Rectification of binary mixtures, 81 
analytical equations for finite 
reflux ratio, 114 

ethyl alcohol- w^ater example, 118 
height equivalent to theoretical 
platts 129 

height of transfer unit, 130 
Ixwis method, 116 
McCabe and Thiele method, 89 
diagram for, 90 

effect of reflux ratio on number 
of theoretical plates, 99 


Rectification of binary mixtures, 
McCabe and Thiele 
method, feed-plate location , 
98 

diagram for limits of, 99 
Fenske^s equation for total 
reflux, 94 

logarithmic plotting, 93 
minimum number of plates, 93 
minimum reflux ratio, 95 
equation for, 96 
open versus closed steam, 101 
propane-oil system, 103 
operating lines, 89 

effect of thermal (condition 
of ftMHl, 92 
intersection of, 90 
optimum reflux ratio, 97 
partial versus total condenser, 
100 

side streams, 104 
tinequal molal overflow, 106 
packed towers, 125 
design of, 126 
diagram for, 126 

Ponchon’s and Savarit’s method, 
107 

comparison with constant reflux 
method, 1 13 
diagrams for, 108, 109 
liquid-air distillation, 110 
Sorel’s method, 81 

])enzene-toluene example, 87 
diagram of continuous distil- 
lation column, 83 
equations for, 84 
equilibrium curve for benzene- 
toluene, 86 

simplifying assumptions, 85 
theoretical platen, definition of, 
86 

Rectification of coinidex mixtures, 
132 

Rectification of inultu^omponent 
mixtures, 137 
absorption naphtha, 199 
feed-plate location, 168 
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Rectification of multicomponent 
mixtures, feed-plate location, 
equation for, 169 
gasoline stabilizer example, 1 75 
diagram of results, 184 
plate-to-plate calculations, 178 
relative volatilities, 177 
rematching feed plate, 183 
Lewis and Cope method, 150 
diagrams for, 151 
Lewis and Matheson method, 139 
benzene-toluene-xylene exam- 
ple, 140 

diagram for, 148 
plate-to-plate calculations, 141 
relative volatilities, use of, 154 
simplifications, 153 
minimum number of theoretical 
plates, 167 

minimum reflux ratio, 169 
equation for, 173 
examples, 173 
phenol-cresol example, 158 
diagram for, 158 
diagram of results, 164 
effect of feed introduction, 165 
effect of reflux ratio on number 
of plates, 167 

minimum plates at total reflux, 
167 

plate-to-plate calculations, 160 
relative volatilities for, 159 
Rectifying column, action of, 79, 
148, 149, 164-166, 184 
function of, 132 
Reflux, necessity for, 133 
Reflux ratio, effect on number of 
theoretical plates, 99, 167 
minimum for binary mixtures, 95 
minimum for multicomponent 
mixtures, 169 
optimum, 97 

Relative volatility, 50, 154, 159, 177 
Removal of iion(^ond(*nsable gases, 
233 

Requirements for continuous distil- 
lation, 7 


S 

Savarit's method {see Ponchon). 
Scrubbers on ammonia stills, 57 
Side streams, 104 
Simple condensation, 50 
Simple distillation, 47 
equation, 47 
Rayleigh equation, 48 
Slop testers, 250 

Smoker’s method for finite reflux 
ratios, 114 

Smoley’s experiments, 194 
Solution laws, 31 

Clapeyron equation, 31 
Duhem equation, 37 
Henry’s law, 35 
limitation of, 36 
Raoult’s law, 35 
limitation of, 34 
Solutions, 31 
concentrated, 38 
effect of pressure, 43 
equilibrium constants for, 44 
Sorel’s method, 81, 138 
Space models for two-component 
systems, 9 

Steam, consumption of vacuum 
stills, 63 

open versus closed, 101 
supply for continuous stills, 239 
Stills for three-component mixtures, 
244 

Successive distillation, 13 
Sugar solutions, vapor pressure of, 
33 

Systems, acetic acid-water, 48 
acetone-chloroform, 18 
ether-alcohol-water, 21 
more complex, 20 
one-component, 6 
phenol-water, 10 
propane-oil, 103 
three-component, 20 
two-component, 9 
water, 5 
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Systems, water jind salt, 5 
water, ice, and salt, 7 

T 

T(aiip(*rature-eoniposition diagrams, 
12, 61 

Temperature difference, 229 
logarithmic mean, 231 
Ternary constant-boiling mixtiin's, 
23 

Testers, 236, 250 

Theoreti(‘.al plates, definition of, 86 
Three-component mixtures, stills 
for, 244 

Three-component systems, 20 
Toliume, vapor-pressure curve of, 39 
Topping units, 202 
Total reflux, Fcaiske’s ecpiation for, 
94 

minimum number of plates, 93, 167 
True-boiling-point curves, 186 
Two-component systems, 9 

U 

Unequal molal ov(‘rflow, 106 
Unstable equilibrium, 8 

\ 

Vacuum stills, steam consumption 
of, 63 

wash-oil still, 62 
Valves, indicating, 236 


Van der Waals’ ecpiation, 27 
Vapor, charact(;ri8tics, 233 
Vapor-(a)mposition curves for ben- 
zene-toluene, 42 
Vapor-pressure curves, 6 

for })enzene-tolu(‘n(i mixtures, 40 
for sugar solutions, 33 
for water-ice-water vapor, 7 
Va})or velocity, 217, 223 
V^ariants, d(*finition of, 4 
Velocity, of cooling water, 230 
of vapor, 217, 223 

Volatility, relative, 50, 154, 159, 177 
W 

Wash oil (sec Benzolized wash oil). 
Water-acetic acid, vapor composi- 
tion relations, 48 

-alcohol-ether, phase-rule system, 

21 

phase-rule systc^m, 5 
-phenol mixtures, 10 
removal from ammonia, 58 
-salt, phase-rule sysbun, 5 
supply for continuous stills, 239 
vapor-pressure curve for, 6 
Weight per cent , 29 
W’^eir box<^s, 236 
Wood alcohol, impurities in, 66 

Z 

Zero, absolute, 26 





